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INTRODUCTION 
Since the identification of the principle factors of 
soil formation, a major segment of the research in soil 
genesis, morphology and classification has been through the 
selection of soils differing primarily in only one of the 
soil forming factors. Studies of soil sequences (bio-, topo-, 
geo-, chrono-, time-, etc.) have been actively pursued by many 
investigators. These soil sequence studies have undoubtedly 
been among the most rewarding in advancing our understanding 
of the various soil genesis pathways through which soils have 
developed. 
The purpose of this investigation was to determine some 
of the effects that differences in natural drainage class 
have had on iron, phosphorus and some related chemical 
properties. Any interpretation of the effect that natural 
drainage class may have had on soil chemical properties re­
quires that the soil parent material be uniform. The natural 
drainage class of a soil is generally associated with topo­
graphic position and is an important factor in soil formation, 
particularly within small areas. Usually soil series differ­
ing in natural drainage class occur in the same field. 
The physical properties of soils differing in natural 
drainage class have been more extensively studied than have 
the chemical properties by investigators in soil genesis, 
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morphology and classification. The physical properties still 
need much more characterization in many soil areas; however, 
the chemical differences of soils differing in natural drain­
age class recently have received more attention. 
As a starting point in this study, a tabulation was made 
of the total phosphorus of the poor and well drained soils 
in Iowa derived from loess. The old, 1910-1936, county soil 
survey reports were used as source material. In the use of 
the data, soils of loessial parent material and of common 
vegetative history were selected. Of the 32 county soil 
survey reports studied, 21 authors of county soil surveys 
reported more and 11 authors of county soil surveys reported 
less total phosphorus in the 20-40 inch zone of the well 
drained soils than for the poorly drained soils. Thus, there 
is some evidence that points towards lower total phosphorus 
in the poorly drained soils than in the well drained soils. 
This evidence is in agreement with soil test results showing 
less "available" phosphorus in soils of poor natural drainage."*" 
The older county soil survey report data have, of course, many 
defects. There is the question of adequate pairing of the 
soil samples so that natural drainage class is the most impor­
tant soil forming variable. Also, the soil samples were not 
^F. F. Riecken and Lloyd Dumenil, Department of Agronomy, 
Iowa State University, Ames, Iowa. Soil test results. Per­
sonal communication. 1962. 
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collected by natural horizons but rather by arbitrary broad 
horizons or zones. 
In this investigation paired profiles of the Taintor> 
Mahaska and Otley soil sequence from Keokuk and Washington 
counties, and the Winterset, Macksburg and Sharpsburg soil 
sequence from Madison and Adair counties were studied. These 
soil sequences have developed under the same soil forming 
factors except for natural drainage class or topography. 
They were studied under the guide of the following objectives 
or questions: 
1. Does a relationship exist between the natural 
drainage class and the distribution or amount 
of free iron? 
2. Does a relationship exist between the natural 
drainage class and the amount or distribution 
of phosphorus? 
3. Do the contents of iron and phosphorus vary 
simultaneously? 
4. How dispersed or segregated is iron? 
5. What explanations are there for the observed 
variations? 
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REVIEW OF LITERATURE 
A large amount of literature pertaining to iron and 
phosphorus in soils is available. However, the literature 
pertaining to the influence that natural drainage class has 
had on the amount or distribution of iron and phosphorus, 
and phosphorus availability is limited. 
Development of Natural Drainage Class Criteria for Soils 
Natural drainage class has not always been a series 
criterion in the soil survey. Many of the series recognized 
today are bi- and/or trifurcations of earlier series covering 
many or all drainage classes. The Marshall series established 
in 1903 in Minnesota covered all the dark colored soils of 
the Midwest. Whitney (85) in 1909 stated that the dark 
colored upland prairie soils of the glacial and loessial 
region comprised the Marshall series. Marean and Jones (58), 
in the 1904 soil survey of Story county, Iowa, recognized and 
mapped six soil series with the Marshall series occupying 
88.3 percent of the area of the county. 
Whitney (85, pp. 22-23) defined some series character­
istics in 1909 in the following fashion: 
Where soils have a common origin and differ only in 
texture, are alike in color and in physical properties 
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other than those affected by texture, they are 
arranged in what we call a series, having the soil 
generic name with qualifying textural terms . . . 
In the classification of soils, therefore, the 
texture is used to determine the place in the 
series, the structure and color to determine what 
series the soil can be correlated with. 
It appears that soils of different natural drainage class 
were recognized in 1909. However, they were included in the 
same soil series as a separate soil type when there was a 
difference in the texture of the surface horizon. Bonsteel 
(18) in 1911 makes this clearer in the following summation of 
the Marshall series; the surface soil consists of dark brown, 
chocolate brown and almost black silt loam rich in organic 
matter. The thickness of the surface soil varies from 7 to 8 
inches in rolling area to 18 to 20 inches on level prairies. 
The color of the subsoil varies from light yellow through 
yellow to gray or drab according to subsoil drainage. 
In 1913 Marbut et al. (57) limited the Marshall series 
to soils developed from loess. In Iowa the Marshall series 
was soon limited to Western Iowa. The Tama series was estab­
lished in 1917 in Blackhawk county for the East-Central Iowa 
loess-derived soils, and the Grundy series was established in 
1916 in Grundy county, Missouri for the Southern Iowa loess-
derived soils. The Carrington series established in North 
Dakota in 1905 and the Shelby series established in Missouri 
in 1903 included the soils developed from glacial till. 
The Webster and Clarion series, established in Clay 
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countyj Iowa, in 1916 and Hamilton county, Iowa, in 1917, 
respectively, were bifurcations of the Carrington series. 
The soils with gray drab clay loam subsoils were included in 
the Webster series and the soils with brownish or yellowish-
brown clay loam subsoils were included in the Clarion and 
Carrington series (77). The Webster soil areas usually were 
in need of artificial drainage while the Clarion and Carring­
ton soil areas generally did not require drainage. The 
Clarion and Carrington series were separated by a difference 
in depth to calcareous till. The calcareous till was deepest 
for the Carrington series. 
By 1936 the Carrington series was mapped only in associ­
ation with the Clyde series in the till areas of Northeast 
Iowa and the Clarion and Webster series were confined to the 
till areas of North-Central Iowa (21). In the 1941 soil 
survey of Story county (60) the soil type difference was 
still associated with a partial natural drainage class dif­
ference as in the Hamilton county report of 1921 (77). The 
Webster loam was nearly imperfectly drained and was generally 
located between the Clarion loam and the Webster clay loam on 
the landscape. The Webster silty clay occupied the depressed 
"pothole" areas. 
Although drainage class differences had been used as 
series criteria for some time, in 1940 the Glencoe series was 
established as the very poorly drained soil series in McLeod 
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county, Minnesota (55). The Nicollet series was established 
in Nicollet county, Minnesota, in 1947 as the imperfectly 
drained soil series. Previously, these two series were types 
of the Webster series as discussed above. Surface and sub­
surface horizon color, surface texture, and landscape posi­
tion were criteria used in assigning and predicting natural 
drainage classifications of these soil series. 
The preceding discussion dealt with soils formed from 
glacial till; however, the criteria for natural drainage 
class are the same for the loess derived series used in this 
study, although the establishment of series differing in 
natural drainage class was made somewhat later. The main 
difference between the glacial till soils discussed and the 
loess soils studied in this investigation is in landscape 
position. The well drained till soils discussed generally 
occupy the highest upland landscape position while the most 
poorly drained soils occupy the lowest upland landscape posi­
tion. In this study the poorly drained soils occupied the 
highest and the moderately well drained soils occupied the 
lowest landscape position. 
The Soil Survey Manual (83) provides a more thorough 
treatment of concepts and criteria being used in the separa­
tion of soils of different natural drainage classes at the 
present time. 
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Effect of Natural Drainage on Iron and Phosphorus 
Iron and natural drainage class of the soil 
Soils are primarily colored by iron and organic matter. 
The coloration given to a soil by iron has and is being used 
to infer the natural drainage class of a soil. Factors such 
as mottling and grayness of matrix are used as indicators of 
somewhat poor (imperfect) and poor drainage. 
Button (44) in a loess traverse study in Southwestern 
Iowa found that a large part of the iron accumulated in the 
superfine clay (less than 0.06 micron) whether in Monona, a 
minimal Brunizem or in Seymour, a maximal Brunizem. Swenson 
and Riecken (80) in a study of Edina and Minden soils found 
that the clay and iron content were correlated. Foth and 
Riecken (32) in a study of some loess-derived soils in 
Northwestern Iowa also found that iron and clay distributions 
were correlated for the well drained Galva and Moody 
soils. Similar results were found but not discussed in a 
study of extractable manganese by Runge and de Leon (69). 
McCracken (55) found the poorly drained soils contained the 
least and the well drained soils the most free iron for the 
soils he studied. 
The relation between iron content and soil color has not 
been extensively studied. Ignatieff (45) has explained the 
gray areas of mottled soils and completely gleyed soils as 
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resulting from ferrous iron while the yellow zones or mottles 
were thought to be due to ferric iron. This was and still 
may be a widely held concept. However, Daniels, Simonson 
and Handy (26) studied 51 samples of sediments which had gray 
colors (gleyed) and found that these sediments contained iron 
which was as well oxidized as sediments which were yellow or 
yellow-brown. The amount of Fe++ was very low, less than 
0.001%. Bloomfield (9) found that soils which were gleyed 
but mottled were low in Fe^O^ in the gray portion but were 
much higher in the mottled portion. During the separation of 
the gray and brown fractions Bloomfield noted that the iron-
enriched material was usually located around root channels, 
suggesting that the variation in iron content was mainly a 
function of root distribution. Similar results were found by 
Schroeder and Schwertmann (71). A similar situation exists 
in the thick loess area of Western Iowa where iron has ac­
cumulated around apparent root channels in concentric rings 
(25a). Ruhe, Prill and Riecken (68) concluded that the 
present position of these de-oxidized, or Dow (25a), zones 
were moderately well or well drained, indicating that the 
iron distribution was not related genetically to the present 
environment, but was a relic from a previous less well 
drained environment. Brasfield (19) and Turner (82) have 
shown in photomicrographs that the transition from high iron 
to low iron zones is very sharp or distinct. 
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Mechanisms of iron movement 
The mechanisms under which iron moves in soils have been 
studied in various ways. Winters (89)5 in studying 
ferromanganiferrous concretions from some podzolic soils, 
found that the surface horizons of the poorly drained soils 
contained the largest amount of concretions. He also in­
vestigated the migration of iron and manganese in the 
laboratory (90) and concluded that surface diffusion of 
ferrous ions would account for movement of iron to centers 
of concretion formation in soils containing excess calcium 
carbonate. Ignatieff (45) concluded that the downward move­
ment of iron in soils takes place in the Fe condition. 
Allison and Scarseth (4), Bloomfield (8) and Bromfield (20) 
have "gleyed" soils artificially by introducing a sugar solu­
tion to calcareous and non-calcareous soil samples. 
Bloomfield noted that most of the reduced iron was present 
in the fermented solution and that upon oxidation the fer­
mentation solution does not always give precipitates of 
ferric compounds as occasionally ferric organic complexes 
were formed. 
Deb (27) studied iron movement in podzol soils and con­
cluded that iron moved as a negatively charged humus-protected 
iron oxide sol or as a complex organic ion. He postulated a 
microbiological mechanism for iron precipitation. Winters 
(90) found iron sols to be more mobile when combined with 
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organic matter. Bromfield (20) investigated the role of 
bacteria isolated from soil and grass in the reduction of 
iron oxide. He successfully identified bacteria capable of 
reducing FegO^ under anaerobic conditions. In a series of 
papers discussing podzolization (10-15), Bloomfield found 
that the organic compounds present in water extracts of the 
deciduous and coniferrous trees produced gleying even in 
the presence of atmospheric oxygen. 
Bloomfield (16-17) in later papers attributed this re­
duction and mobilization of iron to the polyphenols present 
in the various extracts. Schnitzer (70), working with 
Eastern Canada soils, criticized the emphasis Bloomfield (16) 
gave to reduction before movement of iron and the importance 
of polyphenols. Schnitzer (70) found that an acidic polysac­
charide was responsible for iron movement in the soils he 
studied. His results contradicted Bloomfield's (16) in that 
he found increasing the pH increased iron solubilization in­
stead of decreasing it. 
Distribution of total phosphorus 
in soils differing in natural drainage class 
The literature dealing with this subject matter area is 
limited. Pearson, Spry and Pierre (63) studied the total 
phosphorus content of 12 Iowa soils. They noted that there 
was always a minimum of total phosphorus in the B horizon. 
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Although not pointed out by them, the minima were most severe 
for the more poorly drained soils than for the better drained 
soils. Glentworth (34), Glentworth and Dion (35) and 
Williams and Saunders (86) recognized that the poorly drained 
soils they studied contained less total phosphorus than did 
the better drained associates, however, no information was 
given on the uniformity of soil parent material for the poor 
and the well drained soils. 
Bauwin and Tyner (6) were concerned with the amount and 
form of nonextractable phosphorus in some Illinois soils. 
When their data are interpreted in terms of natural drainage 
class, the poorly drained sequence members are lower in total 
phosphorus in the B horizon than are the better drained 
sequence members. 
Effect of Factors Other Than 
Natural Drainage Class on Phosphorus 
Iron and phosphorus variability in soils 
Several investigators (5, 24, 59, 72) have reported that 
land recently flooded for growing rice failed to respond to 
phosphorus fertilization even though these same soils prior 
to flooding were low or very low in "available" or soil test 
phosphorus and were responsive to phosphorus fertilization. 
Shapiro (72) attributed the increase in phosphorus 
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availability to the reducing conditions imposed on the soil 
by flooding with subsequent release of previously insoluble 
ferric phosphates. 
It is assumed by many soil chemists that one of the 
important ways phosphorus fertilizer is made unavailable or 
nearly insoluble on neutral and acid soils is by precipita­
tion of ferric phosphate. Leeper (52) attributes to 
Bétrémieux that one way to prevent iron-pans, "alios", from 
forming is to keep the iron immobile by adding phosphorus. 
The method would no doubt slow down iron movement but may be 
somewhat uneconomical. 
Glentworth (34) in an extensive study investigated the 
total and acetic acid-soluble phosphorus of paired profiles 
from the same field differing in natural drainage class. He 
found that the total phosphorus content of the A horizon of the 
freely drained soils was greater than that of the poorly 
drained soils with the trend continuing all the way down the 
profile. 
Gupta (39) studied the fluctuation of available phos­
phorus in a Ganga lowland soil as it was affected by dif­
ferent manurial treatments. He found that the phosphorus 
availability was greater during the growing season of paddy 
than in the non-growing period and concluded that in general 
phosphorus availability was greatest at puddling and lowest 
at flowering time. He recommended application of phosphorus 
before flowering. 
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Movement and changes in phosphorus content of soils 
Gasser and Bloomfield (33) studied the mobilization of 
phosphorus in water logged seils in relation to aluminum, 
iron and calcium. They concluded that a small but significant 
amount of iron-phosphate-stabilized-organic-complexes remained 
in solution and that this stability accounts for the movement 
of phosphorus in association with iron. Glentworth (34) con­
cluded that some phosphorus must be lost in the ground water 
of the poorly drained soils. Allaway and Rhoades (3) inves­
tigated the distribution of phosphorus in some Nebraska soil 
profiles and found the C horizons to be quite uniform in 
amount of total phosphorus. They also noted that the maximum 
total phosphorus occurred in the upper part of the secondary 
lime layers when such a zone was present in the profile. 
This, they felt, was evidence that phosphorus had been 
leached from the upper horizons and reprecipitated in the 
drier high lime horizon. 
Aidinya (1) used the radioautographic method to follow 
phosphorus movement in soil profiles. He found that 80 to 90 
percent of the added phosphorus was fixed in the 3 to 10 cm. 
layer but that phosphorus migrated to a depth of 28 cm. with­
in 12 days of application. The soil was successively watered 
during these 12 days. 
Pratt, Jones and Chapman (64) studied the changes in 
phosphorus in an irrigated soil during 28 years of 
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differential fertilization. They found that total phosphorus 
increased in soils receiving soluble phosphorus down to 36 
inches. However, 80 percent of the accumulated phosphorus 
was in the 0 to 12 inch layer. Konold and Riehm (50), in a 
follow-up study on Gerlach's long-term fertilizer experiment, 
found that small amounts of applied phosphorus had reached 
the subsoil. This had taken place after 20 years of uniform 
cultivation of the whole plot. Dhein and Mertens (29) 
studied the chemical properties of Dikopshof fine sandy loam 
after 45 years of long-term fertilizer experiments. Sixty-
nine percent of the phosphorus was retained in the topsoil 
and 31 percent had been taken up by the plants or lost by 
leaching. The accumulation of phosphorus in the subsoil 
was greater than expected. Goldschmidt (38) found that after 
9 years of applying 640 pounds of phosphate per acre the 
phosphorus content increased down to 12 inches. Shkonde (73) 
studied the effect of long-time fertilization on the content 
of phosphorus in some Chernozem soils of the USSR and found 
that continued application of organic and mineral fertilizers 
increased the phosphate content of the soil to a depth of 60 
to 80 cm. Spencer (76) determined the distribution of ap­
plied phosphorus on a soil containing 99 percent siliceous 
sand and 1 percent organic matter. Phosphorus had penetrated 
to a depth of 7 feet, however, the greatest accumulation was 
in the feeding zone of the citrus trees, indicating little 
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loss of phosphorus into the ground water. 
McGregor (56) studied the influence of natural drainage 
on applied phosphate movement. The addition of phosphorus 
for 3 years on poorly drained soils increased available 
phosphorus down to 7 inches or more but only increased avail­
able phosphorus down to 3 or 4 inches on freely drained soils. 
Fixation of phosphorus by iron and aluminum 
Swenson, Cole and Sieling (79) in some potentiometric 
titrations determined that iron and aluminum chloride re­
acted with phosphate to give an Fe or Al(H^O)^(OH)^H^PO^. 
Even when the phosphate concentration used was nine times 
that of the metal, a ratio of one phosphate to one Fe or Al 
was maintained. Struthers and Sieling (78) showed that many 
of the organic acids prevented the precipitation of phos­
phorus by iron and aluminum in the pH range of most soils. 
Citric acid was most effective in preventing precipitation 
of phosphorus by iron and aluminum. Larsen, Warren and 
Langston (51) also found that iron and aluminum increased 
phosphorus fixation in a soil, hew ever, humic acids resulted 
in a negative absorption. Humic acid also was effective in 
preventing absorption of phosphorus by iron and aluminum. 
Heck (42) reported that added phosphate penetrated to greater 
depths in soils containing small amounts of iron and aluminum. 
Godfrey and Riecken (37) studied the solubility of 
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phosphorus in soils with extractants at a variable pH. The 
neutral solutions extracted the least phosphorus. Hsu and 
Jackson (43) and Lindsay and Moreno (54) determined the 
solubility of the various soil phosphates at different pH 
levels. Their results indicate that dicalcium, aluminum and 
ferric phosphates are about equally soluble at neutral pH 
values. At higher pH values the Fe and Al phosphates are 
more soluble and at lower pH values the dicalcium phosphate 
is more soluble. 
Importance of organic phosphorus 
in supplying phosphorus to plants 
Pearson and Pierre (61) found that as much as 50 percent 
of the total phosphorus in Iowa soils was present as organic 
phosphorus. They concluded that organic phosphorus contrib­
uted substantially to the phosphorus supply of plants directly 
and indirectly. Pearson and Simonson (62) determined the 
distribution of organic phosphorus in seven Iowa profiles. 
The largest amount of organic phosphorus was in the surface 
horizons and decreased with depth in the profile. The most 
gradual changes in organic phosphorus content were in the 
soils developed under grass. They found less variability in 
the N/P ratio than in the C/P ratio. 
Thompson, Black and Zoellner (81) studied the minerali­
zation of organic phosphorus in soils and concluded that 
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mineralization of phosphorus was generally important in all 
soils studied. Eid et a_l. (31) found that inorganic phos­
phorus was primarily responsible for supplying phosphorus 
for plant growth at 20°C. but that at 35°C. the organic 
phosphorus, soluble in KgCO^ solution and hydrolyzed by 
hypobromite, played a significant role in supplying the plant 
with phosphorus. Van Diest and Black (84) studied the miner­
alization of organic phosphorus during incubation. They con­
cluded that their results support the thesis that phosphorus 
present in organic form at the beginning of the season may 
contribute substantially to the plant nutrition of phosphorus. 
Summary of Literature Reviewed 
The poorly drained soils require artificial drainage for 
optimum crop growth and have gleyed subsoil horizons. The 
imperfectly drained soils generally do not need artificial 
drainage and have mottled subsoil horizons. The well and 
moderately well drained soils do not need artificial drainage 
and, in general, have yellow-brown or brown subsoil horizons. 
The difference in the color of the subsoil horizons of soils 
of different natural drainage classes seems to be due pri­
marily to the amount and distribution of the free or ex-
tractable iron. 
Iron moves in several ways in the soil, however, the 
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most likely mechanisms for iron movement seem to be through 
stable chelated ferric organic complexes which remain in 
solution and/or by reduction of ferric to ferrous iron and 
movement in the ferrous state. 
Minimum total phosphorus values for soils similar to 
those studied occurs in the subsoil with higher values 
toward the surface due to the organic phosphorus and higher 
values at greater depths due to less weathering and/or less 
plant recycling of phosphorus. Approximately 50 percent of 
the total phosphorus in the surface horizons is organic 
phosphorus. This organic phosphorus is important in sup­
plying the phosphorus to growing plants. The iron phos­
phates present in the soils are slow to weather unless the 
normal aerobic soil is made anaerobic such as when a soil 
is flooded for growing rice. The lack of response to 
phosphorus fertilizer under such conditions is due to the 
rapid release of phosphorus from the iron phosphates. A 
more gradual release of phosphorus from the iron phosphate 
minerals should occur when a previously acid soil is neu­
tralized. Phosphorus is generally quite immobile, however, 
with time the movement of phosphorus seems to be significant 
in many different soils, with the movement of phosphorus to 
deeper depths and even loss of phosphorus from the soil by 
leaching. 
Some question may exist at this point on how some of the 
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literature review is related to the problem of this investiga­
tion. However, only those subject matter areas were reviewed 
which were considered important in explaining the results 
found in this investigation. An example may serve to clarify 
any confusion at this point. The literature explaining what 
happens to a soil flooded for growing rice, previously not 
used for this purpose, was considered important in explaining 
what may be happening in the poorly drained soils which are 
occasionally flooded for shorter periods of time. Flooding 
does not occur on the imperfect and moderately well drained 
soils. Other examples could be given but for brevity will 
not be discussed except as they are used in discussing 
results. 
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SOILS AMD METHODS 
Soils Studied 
Location and identification of soils studied 
Certain well defined relationships between soils dif­
fering primarily in natural drainage class have been apparent 
for some time. Generally, the poorly drained soils have the 
blackest surface horizons with a higher clay content, contain 
the largest percentage of organic matter and have gleyed sub­
soil horizons; the well drained soils have the lightest 
colored surface horizons with lower clay content, contain the 
lowest percentage of organic matter and have brown or yellow-
brown subsoil horizons; the imperfectly drained soils are 
intermediate in color, clay content, percent organic matter 
and have mottled subsoil horizons. 
Twelve loess-derived soil profiles of Iowa were investi­
gated in this study: Taintor, Mahaska and Otley profiles 
were sampled in Keokuk and Washington counties; Winterset, 
Macksburg and Sharpsburg profiles were sampled in Madison 
county; and Macksburg and Sharpsburg profiles were sampled 
in Adair county. Loess-derived soils were selected over 
glacial till-derived soils because of the assumed uniformity 
of the soil material. The general location of the sample 
sites is shown in Figure 1 and given specifically in the 
Figure 1. Location of sample sites with respect to the soil 
association areas in Iowa are shown by A s 
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appendix. Complete soil descriptions have been writen^ for 
all soil profiles except the Sharpsburg profiles, however, 
they are not reported in this dissertation. The Sharpsburg 
profile samples were obtained from 1.5 inch soil cores taken 
with a Gidding's coring machine. Additional soil samples 
were obtained from the bottom of the sampling pit to the 
underlying Kansan glacial till with this soil coring machine 
for the other soil profiles. 
The soil series were given the following numbers: 
P-711, Mahaska silty clay loam, Keokuk county; 
P-712, Otley silty clay loam, Keokuk county; 
P-713, Otley silty clay loam, Washington county; 
P-714, Taintor silty clay loam, Keokuk county; 
P-715, Mahaska silty clay loam, Washington county; 
P-716, Taintor silty clay loam, Washington county; 
P-717, Macksburg silty clay loam, Madison county; 
P-718, Winterset silty clay loam, Madison county; 
P-719, Winterset silty clay loam, Madison county; 
P-720, Macksburg silty clay loam, Adair county. 
Taintor and Winterset soils are poorly drained; Macksburg and 
Mahaska soils are imperfectly drained; Otley and Sharpsburg 
soils are moderately well drained. Cut No. 39 of the 
Chicago, Rock Island and Pacific railroad relocation (25a, 65) 
was sampled from the modern soil surface (Marshall) down to 
the Loveland loess paleosol. An abbreviated description, the 
sample numbers and sampling depths for Cut No. 39 samples are 
given in the appendix. 
"4d. F. Slusher, Soil Conservation Service, Ames, Iowa. 
Soil profile descriptions. Private communication. 1961. 
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Geomorphic stability of soil profiles studied 
The modern soil profiles sampled for this study were 
located on the upland divides in a dissected Kansan till area 
which had been blanketed with Wisconsin age loess (66). In 
all cases the soils studied are on the most stable surfaces 
of these divides in relation to their occurrence (66, 67). 
The poorly drained soils are located furthest from and the 
moderately well drained soils are closest to the present 
drainage network. In all cases the moderately well drained 
soils are considered to be on stable crests of small inter-
fluves and are somewhat lower in elevation than the poorly 
and imperfectly drained soils (See Figure 2). In terms of 
absolute stability the poorly drained soils are most stable 
and the moderately well drained soils are the least stable. 
In Keokuk county, the Otley site is 6.4 feet lower in eleva­
tion than the Mahaska site and the Mahaska site is 3.6 feet 
lower in elevation than the Taintor site.^ The horizontal 
distance between the Mahaska and Otley sites is 1350 feet and 
between the Mahaska and Taintor sites is 2050 feet for slopes 
of 0.047 and 0.018 percent, respectively. Although measure­
ments were not made, similar relationships exist for the soils 
sampled in Washington, Madison and Adair counties. All sample 
"*"R. I. Dideriksen, Soil Conservation Service, Ames, 
Iowa. Elevation of sampling sites. Personal communication. 
1963. 
Figure 2. Block diagram of the Taintor, Mahaska and Otley 
soil association 
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sites are interpreted to be of maximum stability for the 
particular soil in question (67). Therefore, the soils 
selected for this study show maximum differences resulting 
from the different natural drainage classes (or topography) 
under which the soils have developed. The differences due 
to vegetation, time, parent material and climate are 
minimal (47). 
The depths to the Yarmouth-Sangamon paleosol (67) 
developed from Kansan till are given in Table 1 for each of 
the soils sampled. These depths were determined from cores 
taken by the Gidding's soil coring machine. The cores were 
saved and provided samples from depths deeper than those 
collected in the normal sampling. All the paleosols are 
interpreted as being developed in Kansan till during the 
Yarmouth-Sangamon interglacial periods. In some cases a 
thin pedisediment was found above the Kansan till paleosol. 
A peaty deposit was encountered between the Wisconsin 
loess and the Kansas paleosol in the core from P-714, Taintor 
silty clay loam. A C"*"^ date is being determined for this 
peaty deposit. In Cut No. 39 the first paleosol encountered 
is interpreted as being of Farmdale age and is immediately 
underlain by a paleosol developed in Loveland loess (65). 
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Table 1. Depth to Yarmouth-Sangamon paleosol, determined 
from 1.5 inch soil cores 
Profile Soil series name Depth to 
Yarmouth-Sangamon 
paleosol, inches 
P-711 Mahaska silty clay loam 126 
P-712 Otley silty clay loam 121 
P-713 Otley silty clay loam 124 
P-714 Taintor silty clay loam 122b 
P-715 Mahaska silty clay loam 135 
P-716 Taintor silty clay loam 132 
P-717 Macksburg silty clay loam 150 
P-718 Winterset silty clay loam 140 
P-719 Winterset silty clay loam 144 
P-720 Macksburg silty clay loam 160 
- Sharpsburg silty clay loam, 
-Madison county 140 
— Sharpsburg silty clay loam, 
Adair county 150 
aThese depths are accurate to + 6 inches. 
^Depth to a peaty layer. 
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Pictures of soils studied 
Tray samples were taken from the 0 to 42 or the 0 to 84 
inch depth for all except the two Sharpsburg profiles and the 
Cut No. 39 site. Pictures were taken using a Mamiaflex, 2.25 
x 2.25 inch, twin lens reflex camera, using a Honeywell 
Futuramie II Heiland Strobomat and Ektachrome film. 
The first picture, Figure 3, shows all the profiles 
sampled in both moist and dry conditions. They are arranged 
with the poorly drained soils on the left and the moderately 
well drained soils on the right. The same arrangement of 
soil profiles is given in Figure 4, except the air dry pro­
files are replaced by the moist 42 to 84 inch subsurface zone. 
It was not possible to obtain the 42 to 84 inch zone from the 
Taintor soils because of a very high water table and a broken 
water pump. In Figures 5, 7 and 9 the moist and dry profiles 
of the 0 to 42 inch depth and in Figures 6, 8 and 10 moist 
profiles from the 0 to 84 inch depth are shown of the poorly, 
imperfectly and moderately well drained soils, respectively. 
The previously discussed general relationships of soils 
differing in natural drainage class are illustrated quite 
clearly in Figures 3 through 10. The darker surface horizons 
and gleyed subsoils of the poorly drained soils (Figures 3, 
4, 5, and 6); the mottled subsoils of the imperfectly drained 
soils (Figures 3, 4, 7 and 8); and the lighter surface and 
Figure 3. Photograph of soil profiles studied with the 
poorly drained soils on the left and the well 
drained soils on the right (the light colored 
soil profiles are air dry and the dark colored 
profiles are moist) 
Figure 4, Photograph as above but with the dry profiles 
replaced by the moist 42 to 84 inch subsurface 
zone (the blue colors in this photograph were 
not observed and are not present on the 
Ektachrome slide from which this print was 
made) 
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Figure 5. Photograph of moist and dry poorly drained 
soils from 0 to 42 inches 
Figure 6. Photograph of moist poorly drained soils from 
0 to 84 inches for Winterset series and 0 to 
42 inches for Taintor series (the blue colors 
in this photograph were not observed and are 
not present on the Ektochrome slide from which 
this print was made) 
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Figure 7. Photograph of moist and dry imperfectly 
drained soils from 0 to 42 inches 
Figure 8. Photograph of moist imperfectly drained soils 
from 0 to 84 inches (the blue colors in this 
photograph were not observed and are not 
present on the Ektachrome slide from which 
this print was made) 
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Figure 9. Photograph of moist and dry moderately well 
drained Otley soils from 0 to 42 inches 
Figure 10. Photograph of moist moderately well drained 
Otley soils from 0 to 84 inches (the blue 
colors in this photograph were not observed 
and are not present on the Ektachrome slide 
from which this print was made) 
38 
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brown nearly mottle free subsoils of the moderately well 
drained soils (Figures 3, 4, 9 and 10) are all readily 
apparent. 
Laboratory Methods 
Free iron 
Free iron was determined by the NagSgO^ me^ od described 
by Kilmer (49). 
Total iron and manganese 
Total iron and manganese were determined by x-ray 
fluorescence analysis using the method described by Handy and 
Rosauer (40, pp. 240-244). 
Total zirconium dioxide 
Total zirconium dioxide was determined by x-ray 
fluorescence analysis using the method described by 
Alexander, Beavers and Johnson (2) except the zirconium 
dioxide content was determined on the whole sample instead 
of just the coarse silt fraction. 
M 
The pH value of the soil sample was determined using 1 
part soil to 2 parts water, mixing, leaving them set for 30 
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minutes, restirring and reading immediately on a Beckman line 
driven pH meter. The Soil Testing Laboratory made the pH 
determinations on those samples for which soil test or avail­
able phosphorus is reported. 
Organic carbon 
Total carbon was determined by the dry combustion method 
as described by Black (7). The total carbon found in the 
soil was assumed to be organic carbon. 
Total phosphorus 
One gram of soil, ground to pass a 60 mesh sieve, was 
fused with 5 grams of NagCO^ in platinum crucibles. The 
sample was placed in a muffle furnace and fused at a temper­
ature of 950°C. for 30 minutes. The fused melt was dissolved 
in distilled water, filtered and made up to 100 ml. An 
aliquot of this solution was used to determine the phosphorus 
in solution by a vanadomolybdophosphoric yellow color method 
of Kitson and Mellon as described by Jackson (46, pp. 151-
154) using a Bausch and Lomb Spectronic 20. 
Organic phosphorus 
The organic phosphorus was determined by the ignition 
method as described by Legg and Black (53). The phosphorus 
in solution was determined using an Evelyn photoelectric 
colorimeter with a 660 micron filter. 
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Inorganic phosphorus 
The inorganic phosphorus was determined by subtracting 
the organic phosphorus from the total phosphorus. 
Available phosphorus 
The available phosphorus was determined by the Soil 
Testing Laboratory, Agronomy Department, Iowa State Univer­
sity (41). A modified "Bray number 1" method was used. The 
extractant contained 0.03 N NH^F and 0.025 N HCl and the 
phosphorus was determined by the molybdenum blue method. 
Extractable aluminum 
Tamm's ammonium oxalate, oxalic acid solution, buffered 
at a pH of 3.8, as described by Deb (28), was used to extract 
aluminum. One gram of soil was treated with 25 ml. of the 
ammonium oxalate, oxalic acid solution and was shaken for 2 
or 4 hours. The mixture was centrifuged, the solution de­
canted and the process repeated. The excess oxalate in 
solution was destroyed by gentle ignition in a muffle furnace 
and the aluminum was determined by the aluminon method as 
described by Jackson (46, pp. 297-300) with the following 
modification; the ignited residue was taken up in 6 N HCl 
and heated in a water bath to 95°C., 10 ml. of hot NaOH (25 
percent) was added to this solution and heated for 10 minutes 
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in the water bath, the solution was allowed to cool to room 
temperature, centrifuged, pH adjusted to 4.2, and the aluminum 
in solution was determined. 
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RESULTS 
This section will be divided into two subsections. The 
first will deal with the effect that iron segregation has had 
on iron and phosphorus distribution in various soil horizons 
and the second will deal with the effect that natural drain­
age class has had on iron and phosphorus. 
Effect of Iron Segregation 
Mottling 
The purpose here is not to review the literature on 
mottling but rather to clarify what is meant by mottling. 
Mottling is a common condition in soils classified as imper­
fect in natural drainage class but also exists to a lesser 
extent in the poorly and moderately well drained soils (75). 
As soils become poorer in natural drainage, the gray colors 
increase (gray-matrix, 2.5 Y and 5 Y hues of low chroma"*") and 
the brown and yellow-brown colors (10 YR hues'*") decrease. 
"When a soil has zones of brown or yellow-brown and also zones 
of gray colors (gleyed) at the same depth, the horizon is 
said to be mottled (See Figures 7, 8, 11, 12 and 13). Depth 
to mottling or gleyed colors is commonly used in Iowa to 
"*"Munsell color notation. 
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infer the natural drainage class for a particular soil. The 
poorly drained soil is gleyed, the imperfectly drained soil 
is mottled, and the moderately well drained soil is brown in 
the upper B horizon (See Figures 4-13). 
Iron segregation 
Two distinct types of iron segregation were noted in 
this study, iron which had been concentrated in a nearly 
uniform horizon, Figures 11 and 13, and iron which was some­
what randomly distributed in the soil matrix (mottled), 
Figures 11 and 12. 
The horizons uniformly high in iron content were most 
noticeable in the Mahaska and Taintor soils. The Mahaska 
soil profiles, P-711 and P-715, have easily identifiable 
accumulations of iron in the 73 to 78 inch and 51 to 55 inch 
horizons, respectively. These horizons of iron accumulation 
can be easily seen in Figures 8 and 13 and in the close-up 
photograph in Figure 11. The Taintor soil profiles, P-714 
and P-716, also have iron accumulation zones at 22 to 28 
inches and 34 to 37 inches, respectively. These zones of 
iron accumulation are somewhat harder to see in the photo­
graphs (Figure 5). In all cases the free iron content was 
higher in these horizons (See Table 5). The horizons of 
iron accumulation were not isolated to the profile samples 
but were found to occur at uniform depths in the general 
Figure 11. Close-up photograph of iron segregation 
in Macksburg (P-720), Mahaska (P-711) 
and Mahaska (P-715) from 63 to 76 inches; 
the brown color below the Mahaska identifi­
cation card was interpreted to be a zone 
of iron accumulation (scale: 1 1/2 inches 
= 4 inches) 
Figure 12. Close-up photograph of iron segregation in 
Winterset (P-718), Winterset (P-719) and 
Macksburg (P-717) from 64 to 73 inches 
(scale: 1 5/8 inches = 4 inches) 
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Figure 13. Photograph of moist subsoils from 42 to 84 
inches; the blue colors in this photograph 
were not observed and are not present on the 
Ektachrome slide from which this print was 
made 
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vicinity of the sampling sites. The horizons of iron ac­
cumulation at various depths are interpreted as occurring at 
the top of the fluctuating (perched) water table. The next 
logical step in accepting or rejecting this interpretation 
would be to relate these horizons of iron accumulation to the 
depth of the water table by a series of measurements over 
time. 
The mottled type of iron accumulations or segregations 
occurred at some depth in all soils studied. They were 
nearest the surface in the imperfectly drained soils and at 
deeper depths in the poorly and moderately well drained soils 
(Figures 3 through 10). Close-up photographs illustrating 
some of these iron accumulations are shown in Figures 11 and 
12. The dark brown zone immediately below the Mahaska 
identification card, in Figure 11, is interpreted to be a 
horizon of iron accumulation. 
The total iron content of six paired samples was deter­
mined and the results are given in Table 2. Brown and gray 
soil separates were obtained from the same profile at about 
the same depth by micro-sampling (See Figures 11-13). These 
brown and gray separates are referred to as paired samples. 
The brown separates contained from 2.5 to 5.1 times more iron 
than did the gray separates. The iron content of the large 
pipestem from Cut No. 39 (depth 178 inches) contained nearly 
the same amount of iron in the pipestem and gray separate, 
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Table 2. Total iron (% Fe^O^) and total phosphorus (ppm of P) 
content of brown and gray separates from mottled 
horizons 
Profile Depth pH Brown separate Gray separate 
number (in.) ^Fe^O^ P(ppm) ^Fe^O^ P(ppm) 
P-711 53 7.5 19.0 1440 4.5 540 
P-712 62 7.5 19.5 1117 5.6 619 
P-712 79 8.0 15.2 843 5.2 647 
P-715 38 6.3 23.7 2140 4.6 296 
Cut No. 39 178 8.1 22.8 834 4.9 719 
Cut No. 39 39 - 883 - 634 
Cut No. 39 87 - 1289 - 782 
Sharpsburg 
(Adair 
County) 134 _ 1111 468 
Garwin 
(Marshall 
County 60 Calc. _ 795 — 548 
Garwin 
(Marshall 
County) 75 Calc. 630 _ 619 
Kansan till, 
Penn-Dixie 
Quarry, 
Winterset, 
Iowa Calc. 8.2 683 3.6 538 
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adjacent to the pipestem, as did the respective brown and 
gray separates from P-711, P-712 and P-715. The latter 
separates were from mottled soil horizons. From these re­
sults and the results of other investigators (9, 25, 71, 89) 
it is clear that the brown areas of mottled soils are higher 
in iron content than are the gray areas. 
The ease and completeness with which these brown and 
gray soil separates were obtained depended on the degree and 
size of mottling. The separation was very tedious when the 
mottling was of low contrast. This was particularly true of 
the Garwin samples. By low contrast mottling is meant the 
color difference between gray and brown was a minimum. 
Phosphorus segregation 
The brown and gray soil separates analyzed for total 
iron were also analyzed for total phosphorus. The results 
are given in Table 2. The brown separate always contained 
more total phosphorus than did the gray separate. These 
results would indicate that the phosphorus distribution is 
markedly different for highly mottled subsoils than it is for 
uniformly colored subsoils, be they gray (gleyed) or brown. 
The work of Hsu and Jackson (43) and Lindsay and Moreno (54) 
on various phosphate solubility products predicts such 
results. 
The maximum difference in phosphorus content between 
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brown and gray separates occurred in the sample from soil 
P-715. It had 7.23 times more phosphorus in the brown sepa­
rate than in the gray separate. The pH of the sample, 
particularly values above 6.8, favor the precipitation of 
calcium phosphates over iron phosphates (43, 54). Therefore, 
the amount of phosphorus associated with iron should decrease 
with pH values much above 7.0. 
The change in the amount of total phosphorus in relation 
to the change in the total iron was primarily a function of 
pH in these samples. Therefore, the difference in phosphorus 
content between the brown and gray separates was divided by 
the difference in iron content between brown and gray sepa­
rates and the resulting ratio plotted versus pH. This ratio 
gives the ppm. of phosphorus associated with 1 percent Fe^O^. 
The results are shown in Figure 14. These results, given in 
Table 2 and shown in Figure 14, are in concurrence with the 
solubility product principles discussed (43, 54). 
Soil samples enriched in concretions 
The results discussed in the previous two sections and 
given in Table 2 show that iron and phosphorus vary simulta­
neously in some mottled soil samples. These results would 
indicate that an appreciable amount of phosphorus was in an 
iron phosphate form. A method for increasing the content of 
concretions or decreasing the content of other soil material 
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Figure 14, Effect of pH on the amount of phosphorus associ­
ated with iron 
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was desired so that the iron content would be increased. 
The objective of this particular experiment was to pro­
vide another set of iron and phosphorus values which could be 
used in combination with the bulk soil sample total iron and 
total phosphorus values. The amount of phosphorus associated 
with iron in the bulk soil sample could then be determined by 
graphic extrapolation. For the extrapolation to be valid, 
the samples must be alike in all respects except in content 
of iron and related materials, admittedly an optimistic view. 
Since the soils studied contained significant amounts of 
ferromanganiferrous concretions of sand-size, the following 
experiment was made: 20 grams of soil and about 75 ml. of 
distilled water were placed in 125 ml. erlenmeyer flasks and 
the flasks were shaken vigorously for 8 hours on a wrist 
action shaker; the soil-water mixture was passed through a 
100-mesh sieve; and total phosphorus, total iron and total 
manganese were determined on the material remaining on the 
sieve. Total phosphorus, total iron and total manganese were 
also determined on the bulk soil samples. The samples high 
in concretions are referred to as the "concentrated" samples 
and normal soil samples are referred to as "bulk" samples. 
The data for the bulk and the concentrated samples are given 
in Table 3. 
It can be seen by studying the data in Table 3 that the 
increase in iron content in the concentrated samples was not 
Table 3. The total amount of iron, manganese and phosphorus in bulk and 
concentrated soil samples3 
Profile Depth Percent Fe^Og 3^ Percent MnC^ Total phosphorus (ppm) 
(in.) Bulk Cone. Bulk Cone. Bulk Cone. 
P-714, 0--6 5. 28 9. 10 0.050 0. 468 583 1031 
Taintor> 6--12 6. 07 8. 53 0.045 0. 276 447 196 
Keokuk 12--17 6. 41 9. 98 0.053 0. 389 396 370 
county 17--22 7. 34 15. 16 0.075 1. 448 420 387 
22--28 8. 23 15, 66 0.102 2. 185 524 468 
28--34 7. 02 13. 26 0.094 2. 048 556 646 
34--40 - 14. 69 - 2. 188 619 565 
P-711, 0--7 5. 04 14. 32 0.107 1. 322 619 1403 
Mahaska, 7--13 5. 57 11. 73 0.077 0. 688 525 813 
Keokuk 13--18 6. 25 16. 37 0.131 1. 336 470 1010 
county 18--24 7. 14 16. 29 0.083 1. 364 399 895 
24--30 7. 94 12. 47 0.119 1. 037 416 723 
30--40 7. 25 12. 86 0.120 0. 875 525 1035 
P-712, 0--7 5. 34 10. 57 0.114 1. 121 670 1260 
Otley, 7--12 5. 99 8. 07 0.088 0. 419 560 653 
Keokuk 12--17 6. 39 - 0.093 - 484 -
county 17--21 6. 66 8. 89 0.079 0. 415 439 537 
21--26 7. 22 9. 97 0.085 0. 594 410 521 
26--32 7. 50 13. 70 0.092 1. 116 376 914 
32--40 - 10. 24 - 0. 503 450 404 
aThe concentrated sample refers to the material left on a 100 mesh screen 
from 20 grams of soil which was shaken for 8 hours on a wrist action shaker. 
^The values given are the average of 5 ten-second counts which have been cor­
rected for background and converted to percent Fe203 and Mn02 (40), 
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always associated with more total phosphorus as were the 
brown zones of the mottled horizons analyzed and given in 
Table 2. This was particularly true for the P-714, Taintor 
samples, a poorly drained soil. These results indicate that 
increasing iron content, per se, is not always associated 
with increasing phosphorus content, but that natural drainage 
class in addition to pH is also a factor in determining the 
amount of phosphorus associated with iron. The preponderance 
of reducing conditions in the poorly drained Taintor soil is 
probably involved in the lower phosphorus values in associa­
tion with the increasing iron content of the concentrated 
samples. 
Effect of Natural Drainage Class on Iron and Phosphorus 
Uniformity of loess parent material 
Soils developed from loess were selected for this study 
because of the assumed uniformity of loess in both chemical 
and physical composition. Soil investigators have somewhat 
traditionally assumed that loess is uniform in both chemical 
and physical properties. Ruhe (65, 66), in a study of the 
cuts along the Rock Island railroad relocation from Bentley 
to Atlantic, Iowa, consistently identified systematic 
weathering zones in the loess. He identified and named these 
zones as: the upper oxidized and leached, upper deoxidized 
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and unleached, lower oxidized and unleached (least altered 
zone), and the lower deoxidized and leached zone. While 
these zones have not been studied from a phosphorus viewpoint, 
it is obvious that in the upper deoxidized and unleached zone 
a major segregation of the iron has taken place through the 
formation of pipestems (See Cut No. 39 results given in Table 
2). These weathering zones, if they exist, were not identifi­
able from the deep soil cores sampled at the profile sites 
studied in this investigation. Therefore, Cut No. 39 of the 
Rock Island railroad relocation was sampled to determine the 
uniformity of the loess when the weathering zones as observed 
by Ruhe are well defined. 
Cut No. 39 (25a, 65) was sampled at approximately 6 inch 
intervals (See appendix for sample numbers and depths) and the 
samples were related to the weathering zones observed by Ruhe. 
The total zirconium dioxide and total phosphorus contents of 
the samples were determined to see if any systematic vari­
ability occurred in the loess due to these weathering zones. 
The uniform zirconium dioxide content has been used to indi­
cate uniform soil parent material because of its resistance 
to weathering (2). It is assumed that a uniform zirconium 
dioxide content of soil parent material increases the proba­
bility of the uniformity of that soil parent material in 
other constituents. 
"While some difference in zirconium dioxide content 
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occurred} the order of magnitude was not great enough to 
identify more than one soil parent material. The results are 
given in Table 4 and shown in Figure 15. The conclusion from 
the zirconium dioxide content data is also supported by the 
total soil phosphorus results (Table 4 and Figure 15). More 
variability was expected and existed in the total phosphorus 
results due to the iron segregation in the deoxidized and 
unleached zone than in other zones. The uniformity of the 
zirconium dioxide and total phosphorus results indicates that 
differences between soils of different natural drainage 
classes in Western Iowa may be interpreted as resulting from 
differences in natural drainage classes provided other soil 
forming factors are constant. 
The total zirconium dioxide and total phosphorus con­
tents of P-714, Taintor, from the modern surface to the 
buried peaty layer were also determined. These results are 
given in Table 5 and are shown in Figure 16. While the 
zirconium dioxide content was more variable below 80 inches 
than for Cut No. 39, the existence of more than one loess 
parent material would be hard to establish, particularly when 
the total phosphorus content and distribution of these samples 
are examined in conjunction with the total phosphorus content 
of other deep samples (Table 5, P-717 and Adair county 
Sharpsburg profiles). There seems to be little reason to 
question the original uniformity of the loess deposit, 
especially to a depth of at least 80 inches in Eastern Iowa. 
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Table 4. Total phosphorus, total zirconium and pH values for 
Cut No. 39 of the Rock Island railroad relocation, 
Pottawattamie county, Iowa 
Sample3 
number 
Depth 
(in.) 
Total Pb 
(ppm) 
Total ZrOo 
(%) 
PH 
1 0-6 609 0.037 6.4 
2 6-12 538 6.0 
3 12-18 525 6.1 
4 18-24 497 6.3 
5 24-30 584 • 6.8 
6 30-36 687 6.5 
7 36-42 708 0.031 6.5 
8 42-48 738 0.029 6.4 
9 48-54 728 6.9 
10 54-60 738 7.1 
11 60-66 766 7.1 
12 66-72 820 6.9 
13 72-78 918 0.029 6.9 
14 78-84 901 7.1 
15 84-90 956 7.1 
16 90-96 874 7.2 
16' 96-102 857 7.2 
17 102-108 802 7.1 
18 108-115 822 0.028 7.2 
19 115-121 817 0.030 8.0 
20 121-127 802 0.028 8.1 
21 127-133 755 8.1 
22 133-139 736 8.2 
23 139-145 736 8.2 
24 145-151 788 8.2 
25 151-157 766 0.030 8.1 
Samples 1 through 19 are from the oxidized and leached 
zone, samples 20 through 35 are from the deoxidized and un­
leached zone, samples 36 through 54 are from the oxidized and 
unleached zone, samples 55 through 61 are from the deoxidized 
and leached zone and sample 62 is from the Farmdale paleosol 
(65, 66). 
^The average variation between duplicate determinations 
was + 12 ppm. 
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Table 4. (Continued) 
Sample3 
number 
Depth 
(in. ) 
Total Pb 
(ppm) 
Total ZrOo 
(%) 
PH 
26 157-163 795 8.2 
27 163-169 693 8.2 
28 169-175 707 8.2 
29 175-181 726 8.1 
30 181-187 717 0.031 8.3 
31 187-193 744 0.029 8.2 
32 193-199 773 8.2 
33 199-205 721 8.1 
34 205-211 751 8.2 
35 211-214 753 0.031 8.3 
36 214-216 781 0.031 8.2 
37 216-218 786 0.034 8.3 
38 218-225 768 0.031 8.3 
39 225-231 730 8.3 
40 231-237 709 8.3 
41 237-243 718 8.3 
42 243-247 715 8.3 
43 247-253 715 8.3 
44 253-259 715 8.3 
45 259-263 717 8.3 
46 263-269 723 0.033 8.3 
47 269-273 706 8.3 
48 273-278 713 8.2 
49 278-285 725 8.1 
50 285-291 751 0.037 8.2 
51 291-297 725 8.2 
52 297-303 736 8.2 
53 303-309 751 8.2 
54 309-314 686 0.032 8.1 
55 314-320 643 0.027 8.0 
56 320-326 664 8.2 
57 326-332 660 8.0 
58 332-338 672 0.036 7.9 
59 338-344 635 7.7 
60 344-350 603 7.8 
61 350-356 700 0.036 8.0 
62 356-362 450 0.039 7.9 
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Table 5« Summary of the chemical determinations and percent clay content5 
Profile Horizon Depth pH Soil O.C. T.P. O.P. I.P. OC/OP Free Total Percent 
test ratio Fe Zr0« clayc 
in. P ($) (ppm) (ppm) (ppm) (%) (%) 
P-711, Alp 0-7 6.5 k.5 2.k9 619 352 267 70.7 0.67 29.9 
Mahaska, A12 7-13 5.7 1.8 2.12 525 3k0 185 62. k 0.66 33.2 
Keokuk A3 13-16 5.7 1.2 1.67 1*70 2k 7 223 67.6 0,87 36.2 
county Bi 18-2U 5.8 1.0 1.12 399 170 229 65.9 0.67 39.6 
B21 21-30 5.9 3.0 0.67 kl6 110 306 60.9 0.78 kl.9 
B22 30-U0 6.k 12.0 0.30 525 53 172 56.6 0.61 36.L 
B31 ko-5l 7.0 10.5 665 9 656 0.92 33.5 
B32 51-61 7.5 U.5 727 0.70 31.5 
Cl 61-73 7.8 3.0 712 0.65 30.0 
C2 73-78 8.0 0.5 769 k.69 27.0 
C3 78-90 8.2 o.5 607 o.ko 23.0 
P-712, Alp 0-7 6.5 2.0 1.71 670 3 Oil 366 56.2 0.78 29,8 
Otley, Al2 7-12 5.8 1.0 1.92 563 320 21*3 60.0 O.8I4 33.3 
Keokuk A3 12-17 5.8 o.5 l.kl 515 271] 21U 51.14 0.87 3k.9 
county Bai 17-21 5.8 o.5 1.1k kk5 211 22k 5k.0 0.95 36.1 
B22 21-26 5.8 o.5 0.68 122 161 261 5k.7 0.96 37.k 
B23 26-32 5.8 1.0 0.63 38h 116 268 5k.3 1.09 36.2 
®The average variation between duplicates are as follows: total phosphorus + 12 ppm; organic 
phosphorus + 6 ppm; extractable or free iron + 0.026%. ~ 
^Pounds phosphorus per 2 million pounds soil. 
^Unpublished tentative data from the Lincoln Soil Survey Laboratory of the Soil Conservation 
Service, Lincoln, Nebraska. Particle sizes were determined with the standard pipette method. (See 
Turner, 82, for description of method.) 
Table 5. (Continued) 
Profile Horizon Depth pH Soil O.C. 
test" 
in. P (%) 
P-712 B2l* 32-1(0 5.9 15.3 
B31 ' 1*0-1*6 6.0 10.7 
B32 1*6-53 6.5 8.2 
B33 53-61 6.8 7.0 
Cl 61-73 7.5 5.5 
C2 73-89 8.0 1.0 
P-713, Alp 0-6 7.0 3.0 1.81 
Otley, Al2 6-11 6.0 0.7 1.58 
Washington A3 11-15 6.0 0.5 1.21 
county BL 15-20 6.0 0.5 0.77 
021 20-26 6.1 2.0 0.65 
B22 26-32 6.3 6.2 0.39 
B23 32-38 6.3 0.5 
B31 38-1*6 '6.7 10.7 
B32 1*6-56 7.2 9.0 
Cl 56-67 7.6 3.0 
C2 67-79 8.2 0.5 
C3 79-88 8.2 0.5 
P-71U, Alp 0-6 7.3 13.5 3.33 
Taintor, A12 6-12 6.6 0.7 2.51 
Keokuk A3 12-17 6.7 0.5 1.22 
county Bl 17-22 6.9 0.5 0.81* 
B21 22-28 7.2 0.5 0.50 
B22 28-31* 7.1* 0.5 0.27 
B31 31*-1*0 7.6 0.5 
B32 1*0-50 7.9 0.5 
B33 50-60 8.1 0.5 
~T7F. ÔTPI Ï7F. OC/OP Free Total Percent 
ratio Fe ZrOg clay0 
(ppm) (ppm) (ppm) (%) (%) 
1*69 77 392 1.07 31*.0 
555 1.08 31.5 
559 1.00 26.3 
71*3 1.02 29.6 
795 0.99 28.1 
670 0.58 21*.6 
51*1* 251* 290 71.2 0.85 30.5 
536 21*9 287 63.1* 0.88 35.9 
1*90 191 299 63.1* 0.95 38.1 
1*21 121* 297 62.1 1.00 1*0.0 
1*71* 107 367 60.7 0.92 37,6 
1*77 65 1*12 60.0 0.99 36.6 
592 35 557 0.98 30.6 
631* 0.86 31.6 
771* 0.96 28,6 
757 0.85 26.1* 
672 O.6I1 26,7 
638 0.70 21,1* 
583 225 358 11*8.0 0.38 0.028 36.6 
1*1*7 160 287 156.9 0.1*5 - 1*1.1 
396 81 315 150.6 0.68 0.026 1*2,8 
1*20 60 360 11*0.0 0.87 0.027 1*2,8 
521* 38 1*86 132.0 1.13 0.026 1*1,1 
556 23 533 117.0 0.86 - 35.9 
618 0.88 - 31*.7 
763 0.19 0.031 31,1* 
771* 0,66 0,030 27,9 
Table 5. (Continued) 
Profile Horizon Depth PH Soil O.C. T.P. O.P. I.P. OC/OP Free Total Percent 
testb ratio Fe Zr02 clay0 
in. P (%) (ppm) (ppm) (ppm) (%) { % )  
P-71U C1 60-70 8.1 0.5 688 0.33 0.030 26.2 
70-76 8.2 727 0.033 
76-82 8.2 778 0.026 
82-88 8.2 718 0,028 
88-9U 8.2 679 0.023 
9k-99 8.2 659 0.032 
99-105 8.1 6U0 0.039 
105-110 8.1 553 -
110-nk 8.0 595 0.037 
llk-117 8.1 607 0.038 
Probably 
6.9 555 Farmdale 117-121 0.035 
Farmdale 121-121 6.6 58U 0.032 
Farmdale 
and peat 12U-128 6.5 U39 0.030 
P-715, •^lp 0-8 5.k 2.5 2.77 691 38k 307 72.1 0.6k 30.8 
Mahaska, A12 8-13 5.6 1.2 2.17 631 352 279 61.6 0.70 3k.8 
Washington A3 13-17 5.7 1.0 1.57 5k7 289 258 5k.3 0.7k 36.6 
county Bl 17-23 5.8 0.5 1.16 5oli 195 309 59.5 1.02 38.0 
B21 23-30 5.9 2.5 0.75 U25 113 312 5k. 9 0.77 38.9 
B22 30-35 6.0 7.9 0.39 k6k 62 k02 63.9 0.82 36.k 
B3I 35-U2 6.3 12.7 598 ko 590 0.75 33.7 
B32 12-51 6.6 9.5 6k5 0.83 32.6 
Cl 51-55 6.8 1.2 766 2.77 32.7 
C2 55-62 7.It 5.0 7k7 0.76 27.9 
c3 62-67 7.6 3.0 796 1.20 26.2 
ck 67-75 7.7 2.5 800 0.65 25.1 
c5 75-82 8.1 0.5 856 1.89 25.2 
Table 5« (Continued) 
Profile Horizon Depth pk Soil o.c. T.P. O.P. I.P. OC/OP Free Total Percent 
test? ratio Fe ZrOp clayc 
in. P W (ppm) (ppm) (ppm) (*) 
0-7 6.1 1.2 3.10 566 2k7 319 125.5 o.k2 33.6 
7-13 6.3 0.5 2.15 k26 159 267 135.2 O.kB 39.1 
13-16 6.7 0.5 1.16 W5 68 3k7 131.8 0.71 kl.2 
18-23 7.0 0.5 0.92 kio 72 338 127.8 0.83 kl.2 
23-28 7.1 0.5 o.5k 1*26 k9 377 110.2 0.9k 39.5 
28-31* 7.2 0.5 0.32 56o 28 532 11k.0 1.12 37.1 
3k-37 7.3 0.5 6kl 2.51 3k.8 
37-U6 7.6 0.5 607 0.33 31.5 
k6-53 7.9 0.5 679 0.29 29.5 
53-6k 6.0 0.5 768 l.kk 27.6 
6U-72 8.2 0.5 721 0.72 23.8 
72-82 8.2 0.5 636 O.kk 23.1 
0-6 6.6 16.0 2.66 736 351 385 75.8 0.75 32.6 
6-12 6.2 7.8 2.59 668 391 277 66.2 0.76 36.0 
12-18 5.8 2.2 2.1k 58k 327 257 65.k 0.81 37.3 
18-2U 5.9 1.0 1.U7 622 211 kll 69.7 0.92 38.8 
2U-30 6.0 1.8 0.98 539 159 380 61.6 0.83 39.8 
30-36 6.3 13.0 0.62 65k 85 k69 72.9 0.79 38.8 
36-142 6.2 22.7 859 32 827 0.8k 35.2 
U2-52 6.k 23.0 86k 38 0.92 33.7 
52-62 6.5 27.0 890 0.86 33.8 
62-73 6.8 17.8 928 0.9k 30.8 
73-83 7.2 7.2 912 0.98 28.7 
83-90 7.6 10.0 823 0.89 28.5 
90-97 7.9 7k0 
97-103 8.1 850 
103-109 8.0 876 
109-115 8.0 801 
115-121 7.8 768 
P-716, 
Taintor 
Washington 
county 
P-717, 
Macksburg 
Madison 
county 
Alp 
Al2 
A3 
b21 
B22 
B23 
B31 
B32 
Cl 
C2 
Alp 
Al2 
;  
B21 
b22 
b23 
B31 
B32 
Cl 
C2 
c3 
Table 5. (Continued) 
Profile Horizon Depth 
in. 
FH Soil O.C. 
test" 
P (%) 
P-717 
P-718, 
Winterset 
Madison 
county 
P-719, 
Winterset 
Madison 
county 
c3 
Paleosol 
Paleosol 
Paleosol 
Paleosol 
Alp 
Al2 
A3 
b21 
B22 
B23 
g31 
B32 
B3C1 
Cl 
C2 
Alp 
A12 
A13 
A3 
021 
b22 
B31 
B32 
121-127 
127-133 
133-139 
139-1U6 
11*6-156 
156-162 
7.7 
7.7 
7.5 
7.5 
7.5 
7.5 
0-7 6.0 5.2 2.17 
7-13 6.0 1.0 1.62 
13-18 6.0 0.7 1.33 
18-21* 6.1 0.5 1.11 
2U-28 6.2 0.5 0.79 
28-31 6.1* 2.2 0.51 
3l*-l*0 6.6 7.0 
1*0-1*7 6.8 5.8 
1*7-56 6.9 1*.8 
56-63 7.1* 1.8 
63-71 7.9 0.5 
71-75 8.0 0.5 
75-81 8.1 0.5 
0-7 7.1 11.2 2.56 
7-13 6.3 3.0 1.81 
13-19 6.0 1.8 1.38 
19-25 6.1 1.0 1.07 
25-32 6.2 8.2 0.72 
32-39 6.1* 15.5 0.35 
39-U8 6.7 10.5 
1*8-58 6.9 9.5 
T.P. O.P. I.P. OC/OP Free Total Percent 
ratio Fe ZrOp clay0 
(ppm) (ppm) (ppm) (%) (%) 
1*82 
1*28 
213 
161 
l*o6 
198 
588 230 356 9l*.3 0.55 28.1* 
1*71* 201 273 80.6 0.62 32.8 
370 127 21*3 10l*.7 0.70 36.9 
336 98 238 113.3 0.75 1*0.7 
381 86 295 91.9 1.09 1*1.9 
1*1*2 51* 388 9l*.l* 0.76 1*1.0 
6 99 18 681 0.85 38.2 
807 0.85 35.1* 
778 1.11 33.8 
868 0.86 30.5 
850 1.83 29.1* 
761* 0.88 29.2 
751 0.37 29.0 
587 237 350 108.0 0.52 27.9 
1*61* 217 21*7 83.1* 0.55 31.6 
1*20 160 260 86.3 0.60 35.2 
1*37 129 308 82.9 0.80 1*0.1* 
536 71* 1*62 97.3 0.71* 1*2.6 
665 1*2 623 83.1* 0.61* 37.6 
756 1*0 716 0.93 37.6 
778 0.80 31*.8 
Table 5. (Continued) 
Profile Horizon Depth pH Soil O.C. 
test 
in. P 06) 
P-719 Ci 58-69 7.1* 5.2 
C2 69-79 7.7 2.5 
C3 79-89 8.0 0.5 
P-720, Alp 0-7 6.1 2.2 2.60 
Macksburg A12 7-ll* 6.0 1.0 2.06 
Adair A3 ll*-20 6.0 1.0 1.57 
county Bi 20-25 6.1 2.0 1.0£> 
B2i 25-30 6.0 10.5 0.7U 
Boo 30-36 6.0 21.3 0.1*1 
B03 36-1*3 6.1 26.0 
B3 1*3-51 6.2 30.0 
Ci 51-60 6.1* 32.5 
C2 60-69 6.6 29.0 
C3 69-77 6.8 17.8 
% 77-87 7.0 12.5 
Sharpsburg 0-8 7.0 2.1*2 
Madison 8-16 6.8 2.00 
county I6-2I* 6.5 1.38 
!>l*-32 6.6 0.60 
32-1*0 6.8 0.1*5 
1*0-1*8 7.0 
1*8-56 7.0 
56-61* 7.2 
61*—72 7.0 
72-80 7.1 
80-88 7.2 
88-96 7.1 
T.P. U7P~. ÏÏPl OC/OP Free Total Percent 
ratio Fe Zr02 clayc 
(ppm) (ppm) (ppm) (%) (%) 
829 0.81 33.9 
802 0.67 31.6 
770 0.87 30.1 
602 352 250 73.9 0.71 30.9 
555 31*3 212 60,1 0.71 3i*.2 
527 273 251* 62.0 0.81 35.1* 
l*5o 172 278 61.0 0.81 36.2 
532 113 1*19 65.1* 0.81 38.1 
721 51 670 80.1* 0.82 37.6 
731 36 695 0.71* 36.3 
81*9 32 817 0.85 33.2 
861 0.77 33.2 
829 0.77 32.7 
859 0.88 31.1 
876 0.96 30.8 
733 365 368 66.3 
685 31*7 338 57.6 
538 206 332 67.0 
582 81* 1*98 70.6 
657 1*1* 613 102.2 
71*5 27 
785 
861* 
858 
813 
813 
791 
Table 5. (Continued) 
Profile Horizon Depth i# Soil O.C, T.P. O.P. I.P. OC/OP Free Total Percent 
test" ratio Fe ZrOg clay0 
In. P (.%) (ppm) (ppm) (ppm) {%) (%) 
Sharpsburg 0-8 6.3 2.U5 622 352 270 69.6 
Adair 8-16 6.3 1.92 528 268 260 71.6 
county 16-2U 6.U 1.19 1453 173 280 68.8 
21-32 6.6 0.65 598 83 515 78.3 
32—liO 7.0 0.26 766 6 760 -
Uo-U8 7.U 8147 11 
U8-56 7.5 850 
56-6U 7.5 85U 
6U-72 7.6 850 
72-80 7.7 813 
80-88 7.8 820 
88-96 7.9 820 
96-102 7.8 776 
102-108 7.9 789 
108-llU 7.9 7141 
11U-120 7.8 737 
120-123 7.8 710 
Farmdale 
involution 123-129 7.7 153 
Gray loess 129-13U 7.14 U83 
Yellow 
zone 131» 7.14 1111 
Farmdale 
loess 13li-lUi 7.5 I466 
69 
PHOSPHORUS AND ZIRCONIUM 
300 
-OuOl 
400 600 700 Q03 800 TOTAL P I 0.04 500 008 
12-
24 
36-
46 -
TOTAL P (ppm) 
O ftf 
Z ov" O -O % Zr O, 
72 
84- X) 
CX. 
96-
-O. 
108-
120-
CT 
132 
Figure 16. Depth distribution total Zr02 and total phos­
phorus in P-714, Taintor, Keokuk county, Iowa , 
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Distribution of free iron 
The reductant extractable or free iron values are given 
in Table 5 and are shown in Figures 17j 18 and 19. The free 
iron values are lowest for the poorly drained soils and are 
highest for the well drained soils down to about 20 inches. 
These results and the results of other investigators (55, 69, 
74) are in general agreement. Apparently, below 20 inches 
other factors become important in determining the free iron 
content. These are discussed in the next paragraph. 
In this study a specific attempt was made in the field to 
sample iron accumulation horizons as separate entities. An 
example of one of these iron accumulation horizons is shown 
in Figure 11. These field separations were well confirmed by 
the free iron values in the laboratory. The large accumula­
tions of free iron in some horizons are interpreted as indi­
cating the depth of the fluctuating or perched water table. 
The iron accumulation zones are most noticeable in the 
Taintor and Mahaska soils and are less noticeable in the 
"Winterset soils (See Table 5 and Figures 17-19). For Taintor, 
P-714 and P-716, the iron accumulation zones are at 25 and 36 
inches, respectively; for Mahaska, P-711 and P-715, they are 
at 76 and 53 inches, respectively; and for Winterset, P-718 
and P-719, there is some indication that they may occur at 26 
and 22 inches, respectively. There is visual evidence of iron 
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Figure 17. Distribution of free iron in the Taintor, Mahaska 
and Otley profiles from Keokuk county 
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Figure 18. Distribution of free iron in the Tairitor, Mahaska 
and Otley profiles from Washington county 
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Figure 19. Distribution of free iron in the Winterset and 
Macksburg profiles 
74 
bands in the Taintor and Mahaska soils (See Figures 5, 8 and 
11) in the photographs; however, no discernible iron bands 
were specifically noted in the Winterset soils. This may be 
due to the more complete coating of peds by organic matter 
in the Winterset soils. The depths of maximum free iron 
coincided with the depth of maximum clay content in the 
Winterset soils sampled (See Table 5). Swenson and Riecken 
(80) reported that maximum clay and iron contents coincided 
in the Minden and Edina soils they studied. Therefore, the 
high iron zones in the two Winterset profiles may be partially 
due to the higher clay content of these horizons instead of 
being due to the fluctuating water table. The zones of maxi­
mum iron accumulation in the Taintor and Mahaska soils are not 
at the same depth as the maximum clay accumulation zones. The 
appearance of iron bands is also evidence that the high con­
tent of free iron is not associated with the clay minerals. 
Distribution of total phosphorus 
The total phosphorus values are given in Table 5 and are 
shown in Figures 20 and 21. The minima in the total phos­
phorus values for the poorly drained soils are closer to the 
surface than for the better drained soil sequence members 
(See Figures 20 and 21). This is more apparent for the 
Taintor, Mahaska and Otley soil sequence than it is for the 
Winterset, Macksburg and Sharpsburg soil sequence. The 
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Figure 20. Distribution of total phosphorus in the Taintor, 
Mahaska and Otley profiles 
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Figure 21. Distribution of total phosphorus in the Winterset, 
Macksburg and Sharpsburg profiles 
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minimum values are as low or lower in the poorly drained 
soils than they are in the better drained soils. The depth 
to the minima is interpreted as resulting from the effective 
rooting depth of the grasses growing on these soils during 
soil formation (30). The rooting depth should be related to 
the depth of the fluctuating water table discussed in the 
previous section. Both the fluctuating water table and the 
total phosphorus minima are shallowest for the poorly drained 
soils and are deepest for the moderately well drained soils 
studied. 
Some of the irregularities of the total phosphorus 
values between adjacent horizons are related to the difference 
in free iron content of these horizons. In general, higher 
total phosphorus values than expected were obtained when the 
horizon was also high in free iron content. The effect of 
differences in free iron content upon total phosphorus con­
tent is evident in P-716, Taintor, 34 to 37 inches; P-711, 
Mahaska, 73 to 78 inches; and P-715, Mahaska, 51 to 55 inches. 
The distribution of total phosphorus in these soils 
gives the appearance of having phosphorus accumulation zones 
below about 40 inches. In the framework of eluvial and il­
luvial horizons, the eluvial horizon is from 0 to about 36 or 
48 inches and the illuvial horizon is from 36 or 48 inches to 
about 72 or 84 inches. Again the total phosphorus was deter­
mined at deeper depths than those normally sampled by using 
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samples from the deep soil cores. The total phosphorus data 
from Cut No. 39 in Figure 15 and the total phosphorus data 
from Taintor in Figure 16 show a zone of phosphorus accumula­
tion or illuviation at deeper depths. The deep total phos­
phorus values for P-717 and the Adair county Sharpsburg are 
given in Table 5 and are shown in Figure 22. These data show 
clear zones of eluviation, zones of illuviation and zones of 
no apparent change in the total phosphorus content. There­
fore, it is concluded that "A^" and "B^" horizons of total 
phosphorus occur in these soil profiles. 
Distribution of profile pH values 
The pH values for the various horizons are presented in 
Table 5 and are shown in Figures 23 and 24. Except for the 
surface, the pH values of the poorly drained Taintor soils 
are higher throughout the profile than for the Mahaska and 
Otley soil profiles. The Mahaska and Otley soil profiles 
have similar pH values. Comparable results were found for 
the poorly drained Webster, the imperfectly drained Nicollet 
and the well drained Clarion soils investigated by McCracken 
(55) and the Taintor, Mahaska and Otley soils investigated 
by Corliss (23). pH values tend to indicate that the Taintor 
soil is less weathered at deeper depths than are the Mahaska 
and Otley soils. 
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Figure 22. The distribution of total phosphorus in P-717, 
Macksburg and Adair county Sharpsburg 
Figure 23. Distribution of pH in the Taintor, Mahaska 
and Otley profiles 
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The pH values for the Winterset, Macksburg and Sharps­
burg soil sequence are more nearly alike than are the pH 
values for the Taintor, Mahaska and Otley soil sequence. 
Below 2 feet the pH values for Winterset soils are higher 
than for the Macksburg soils but are lower than for the 
Sharpsburg soils. The pH values for the Macksburg and 
Sharpsburg soil profiles do not have the similarity exhibited 
by the Mahaska and Otley soil profiles. This would indicate 
that the Sharpsburg sample sites are less stable than are the 
Otley sites. The Macksburg soil profiles sampled have lower 
pH values than do the Winterset and Sharpsburg soil profiles. 
Distribution of organic carbon 
The organic carbon values are given in Table 5 and are 
shown in Figures 25 and 26. The organic carbon values found 
for the Taintor, Mahaska and Otley soils were as expected 
with the surface horizons of the poorly drained Taintor soils 
having the highest values and the surface horizon of the well 
drained Otley soils having the lowest values. These organic 
carbon values agree well with the organic carbon values re­
ported by Corliss (23), except, the values given for Mahaska 
soils are higher than those he reported. The organic carbon 
content of the Taintor soils decreases at a more rapid rate 
with increasing depth than does the organic carbon content of 
either the Mahaska or Otley soils. The more rapid rate of 
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Figure 25. Distribution of organic carbon in the Taintor, 
Mahaska and Otley profiles 
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Figure 26. Distribution of organic carbon in the Winterset, 
Macksburg and Sharpsburg profiles 
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change with increasing depth in the Taintor soils is thought 
to be a result of the shallower root penetration due to the 
higher water table. 
The organic carbon results given for the Winterset, 
Macksburg and Sharpsburg soil sequence were not expected. 
The surface horizons of the poorly drained Winterset soil 
profiles are lowest and the surface horizons of the imper­
fectly drained Macksburg soil profiles are the highest in 
organic carbon. The P-717, Macksburg soil profile, is 
significantly higher in organic carbon throughout the pro­
file than are any of the other soil profiles. 
Godfrey and Riecken (36) reported considerably higher 
organic carbon values for the virgin Winterset soil profile 
that they studied than were found for the Winterset profiles 
in this study. The low organic carbon content found in the 
Winterset soil profiles was expected after these profiles 
were examined with a binocular microscope. Grainy gray peds, 
somewhat resembling the initial stages of an Ag horizon, were 
evident under magnification. These grainy gray peds or ped 
coatings may be indicative of a planosolic condition in the 
Winterset soils sampled. It seems the Winterset soils 
sampled in this study have some characteristics intergrading 
them to planosols. However, this may not be true of most 
areas of Winterset soils. 
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Distribution of organic phosphorus 
The organic phosphorus values of the soils studied are 
given in Table 5 and are shown in Figures 27 and 28. The 
poorly drained Taintor and Winterset soils are lower in 
organic phosphorus than are the imperfectly and moderately 
well drained Mahaska-Otley and Macksburg-Sharpsburg soils. 
Since the total phosphorus results previously discussed are 
more similar than the organic carbon results for the soil se­
quence members, smaller values of either inorganic or organic 
phosphorus were expected for the poorly drained soils compared 
to the imperfectly and the moderately well drained soils. 
The anomalous organic phosphorus distribution of the 
P-713, Otley, is thought to be due to a loss of approximately 
7 inches of surface soil by accelerated erosion. The amount 
of surface soil lost by erosion was determined by superim­
posing the organic carbon, organic phosphorus, pH, total 
phosphorus and the percent clay distribution curves of P-713, 
and P-712, Otley profiles. If the P-713, Otley, curves are 
shifted down 7 inches, a near duplication of P-712, Otley, 
results. 
Distribution of organic carbon/organic phosphorus ratios 
The organic carbon/organic phosphorus, OC/OP, ratios 
are given in Table 5 and are shown in Figures 29 and 30. 
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Figure 27. Distribution of organic phosphorus in the 
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Figure 28. Distribution of organic phosphorus in the 
Winterset, Macksburg and Sharpsburg profiles 
Figure 29. Distribution of organic carbon/organic phos­
phorus ratios in the Taintor, Mahaska and 
Otley profiles 
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The higher OC values and lower OP values for the Taintor soils 
compared to the Mahaska and Otley soils causes the OC/OP ratio 
to be much higher for the poorly drained Taintor soils, aver­
age value of 133. The imperfectly and moderately well drained 
Mahaska-Otley soils have average OC/OP values of 61. The dif­
ference in OC/OP ratios for the poorly drained Winterset soils 
and the imperfectly and moderately well drained Macksburg-
Sharpsburg soils is also large with average values of 94 and 
70, respectively. In the Winterset soils the organic carbon 
values indicate that these soils were being depleted of or­
ganic carbon under pre-cultural vegetation; this may be due to 
unfavorable growing conditions for plants. The unfavorable 
growing conditions for plants may result from a severe phos­
phorus deficiency. The organic phosphorus contents of the 
poorly drained Taintor and Winterset soils are nearly the 
same. The Winterset soils have slightly higher organic phos­
phorus values but lower organic carbon values than the Taintor 
soils. Godfrey and Riecken (36), in their study of soils dif­
fering in degree of development, found that organic phosphorus 
decreased most rapidly with initial increasing soil develop­
ment and then remained nearly constant with further increases 
in development. However, the organic carbon content decreased 
continuously with increasing development. 
The very marked difference in OC/OP ratios for the 
Taintor soils compared to the Mahaska and Otley soils should 
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affect the amount of phosphorus mineralized from these soils 
during a growing season. Holding all other factors constant, 
2.18 (133/61) times as much organic carbon would have to be 
mineralized in the Taintor soil compared to the Mahaska and 
Otley soils to mineralize equivalent quantities of organic 
phosphorus. From these results it would be expected that 
Taintor, and Winterset to a lesser degree, would respond dif­
ferently to phosphorus fertilization than would Mahaska-Otley 
and Macksburg-Sharpsburg soils. 
Distribution of soil test phosphorus values 
The soil test phosphorus values are given in Table 5 and 
are shown in Figures 31 and 32. The profile values for the 
Mahaska, Otley, Macksburg and. to some extent, the Winterset 
soils follow the same general distribution: the values are 
higher in the surface, decrease to minimum values between 12 
and 24 inches, increase to maximum values between 34 and 56 
inches and then decrease to minimum values again at deeper 
depths. The Taintor soils are constant at 0.5 pounds of 
phosphorus per 2 million pounds of soil from about 9 inches 
to as deep as soil test phosphorus values were determined. 
The much lower soil test phosphorus values for the poorly 
drained soils, particularly Taintor, are obvious. 
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Figure 31» Distribution of available phosphorus in the 
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Figure 32. Distribution of available phosphorus, in the 
Winterset and Macksburg profiles 
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Distribution of extractable aluminum 
The extractable aluminum values are presented in Table 6. 
Two and four hour extraction times were used to determine if 
length of extraction affected the amount of extractable 
aluminum between soils. Although duplicates were not deter­
mined, a comparison of all the data indicates that the four 
hour extraction time resulted in higher extractable aluminum 
values than did the two hour extraction time. Whether two or 
four hour extraction times are used, the poorly drained soils 
have less extractable aluminum than do the imperfectly and 
moderately well drained soils. Similar results were reported 
by Williams and Saunders (86) 
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Table 6. Percentage of extractable aluminum in some selected 
profile samples 
Profile Depth Extractable Al (%) 
(in.) length of extraction 
2 hours 4 hours 
P-712 0-7 0.451 
Otley 7-12 0.530 
12-17 0.421 
17-21 0.375 
21-26 0.467 
26-32 0.576 
P-715, 0-8 0.549 
Mahaska 8-13 0.541 
13-17 0.559 
- 17-23 0.427 
23-30 0.355 
P-716, 0-7 0.409 
Taintor 7-13 0.266 
13-18 0.296 
18-23 0.305 
23-28 0.281 
28-34 0.454 
P-718, 0-7 0.292 
Winterset 7-13 0.264 
13-18 0.347 
18-24 0.410 
24-28 0.449 
28-34 0.422 
P-720, 0-7 0.405 
Macksburg 7-14 0.350 
14-20 0.475 
20-25 0.464 
25-30 0.431 
30-36 0.370 
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DISCUSSION 
In this study the main soil forming variable for the 
soils studied is natural drainage class. The objective of 
this investigation was to provide some rational answers to 
the following questions: 
1. Does a relationship exist between the natural 
drainage class and the distribution or amount 
of free iron? 
2. Does a relationship exist between the natural 
drainage class and the amount or distribution 
of phosphorus? 
3. Do the contents of iron and phosphorus vary 
simultaneously? 
4. How dispersed or segregated is iron? 
5. What explanations are there for the observed 
variations? 
These objectives will be utilized as a framework for 
discussing the results of this investigation. A general di 
cussion will be given concerning how this study relates to 
some of the previous work and principles reported in the 
literature. 
Soil formation is a result of the interplay of several 
factors. The investigative skill and facilities are seldom 
adequate to consider all the factors simultaneously. There 
fore, the proper selection of the samples to be studied is 
most important before laboratory determinations can lead to 
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better understanding of some of the pathways through which 
individual soils have developed. For example, Ruhe (67) has 
shown that the age of a soil may be markedly different de­
pending on its landscape position. Many soil sequences dif­
fering in natural drainage class are composed of soils which 
differ in parent material. For instance, some soil sequence 
members may be receiving sediments from eroding soils located 
at higher elevations, therefore, these soils would not repre­
sent a stable system as regards parent material. Therefore, 
before an interpretation of the effect that natural drainage 
class has had on soil forming processes, soils must be selec­
ted which have developed under similar conditions except for 
natural drainage. If such soils are not available or are not 
selected, any interpretation of the effect natural drainage 
class has had on soil formation will most likely be confounded 
with other soil forming factors. Though the ideal sample 
sites may be difficult to select, some sites do qualify as 
being closer to the ideal than others. The samples selected 
for this study are considered to be the best available in 
Iowa for the purpose of this study. The soils of each se­
quence are considered to be similar in geomorphic age or 
time, kind of vegetative cover, parent material and climate. 
They differ only in the degree of natural drainage. 
Several investigators (32, 44, 55, 69) have shown that, 
in general, naturally poorly drained soils tend to be lower 
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in free iron in the upper part of the solumn than are the 
better drained soils. Other studies (34, 35, 86, 87) indi­
cate that poorly drained members of soil sequences are lower 
in total phosphorus. It was also noted that some poorly 
drained series were lower in available phosphorus than were 
the associated better drained series. Though these previous 
studies provided some basis for inferring that drainage class, 
free iron and total phosphorus are inter-related, they consist 
of isolated studies. However, these previous studies stimu­
lated the speculation that there were basic relationships 
among poor drainage, low free iron and low total phosphorus. 
In this study a preliminary evaluation of the total phos­
phorus content of some loess-derived soils showed that the 
poorly drained soils tended to be lower in total phosphorus 
than the better drained soils. This investigation was under­
taken to determine if such relationships occurred. 
To evaluate this problem it was necessary to obtain a 
set or sequence of soils in which natural drainage was essen­
tially the only variable. To this end, four separate drainage 
sequences were selected; two of the Taintor-Mahaska-Otley 
sequence and two of the Winterset-Macksburg-Sharpsburg se­
quence. In each of these soil sequences natural drainage is 
interpreted as being the only variable internal to the par­
ticular sequence. Therefore, any difference of iron and 
phosphorus between soils of each sequence can be attributed 
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to or evaluated in terms of the natural drainage class. 
The problem of having all elements of the soil system 
for each sequence constant also involves the problem of 
vertical and horizontal uniformity of the soil systems for 
each sequence member, exclusive of drainage. The vertical 
uniformity of the soil parent material was checked by deter­
mining depth distributions of total zirconium dioxide and 
total phosphorus for several profiles from the modern soil 
surface to the Yarmouth-Sangamon paleosol developed in the 
underlying Kansan till (Figures 15 and 16). The horizontal 
uniformity of the soil systems was evaluated by measuring 
the depth to the underlying Yarmouth-Sangamon paleosol (Table 
1). From these results it was concluded that the loess 
parent material from which each of the soil sequence drainage 
members developed was quite uniform. For each of the four 
drainage sequences the parent material is considered to be 
uniform both vertically and horizontally. Within each soil 
sequence studied the soil systems are considered to be 
similar in soil forming factors with the exception of 
natural drainage. 
Effect of Iron Segregation 
In general, two kinds of iron segregation could be dis­
tinguished in this study. Both kinds are best expressed in 
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the poorly and imperfectly drained soils. In one case the 
iron has segregated into local areas such as mottles, ferro-
manganiferrous concretions and pipestems, among which the 
former was predominant. In the other case iron has accumu­
lated into more or less continuous zones or layers several 
inches thick. Mottled or layered concentrations of iron-rich 
areas were separated by micro-sampling and compared with 
adjacent iron-poor areas. Usually, boundaries between iron-
rich and iron-poor areas are abrupt. The mottled iron-rich 
layers are browner in color than are the areas low in iron, 
the latter usually being gray in color. Total iron and total 
phosphorus were determined on a number of iron-rich separates 
as well as on a number of iron-poor separates. These results 
are given in Table 2. The total iron values of the iron-rich 
brown soil separates are from 2.5 to 5.1 times that of the 
iron-poor gray separates. The total phosphorus values of the 
iron-rich brown soil separates are remarkably high compared 
to the iron-poor gray soil separates, being 1.27 to 7.22 
times as great. The total iron and total phosphorus covaria­
tions in the paired iron-rich and iron-poor separates are 
interpreted to be the result of soil genesis processes and 
will be discussed in more detail later. At this point, at­
tention is being drawn to the fact that mottled areas higher 
in total iron content are consistently higher in total phos­
phorus content. 
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It is thought that the variability in the amount of 
phosphorus associated with iron in the iron-rich separates 
is due to differences in pH values of the samples. Where the 
pH of the sample is high, particularly values above 7.0, 
precipitation of di- or octacalcium phosphate would likely 
be favored (43, 54). As a result, the amount of phosphorus 
associated with iron, and precipitated as forms of iron 
phosphate, should decrease where pH values are much above 7.0. 
Results of this investigation (See Figure 14) are in concur­
rence with those predicted from solubility product principles 
(43, 54). 
Lack of large mottles or areas of segregated iron in the 
upper B horizons of the poorly and moderately well drained 
soils precluded a study of total iron-total phosphorus rela­
tionships. Therefore, a study could not be made of the 
effect that natural drainage class has on total iron-total 
phosphorus status of mottles. However, sand-sized ferro-
manganiferrous concretions occurred in these soils in nearly 
all horizons. Samples rich in ferromanganiferrous concre­
tions were obtained for the Taintor, Mahaska and Otley soils 
by wet sieving. Total iron and total phosphorus were deter­
mined on these "concentrated" samples, enriched in ferro­
manganiferrous concretions. 
All the concentrated samples contained more total iron 
than the bulk soil samples (See Table 3). In the Mahaska and 
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Otley soils the concentrated samples contained more total 
phosphorus than the bulk sample, except in the 32 to 40 inch 
layer of the Otley profile. With the exception of the 0 to 6 
and the 28 to 34 inch layers, the concentrated samples from 
the Taintor soil contains less total phosphorus than the bulk 
samples. These results indicate that an increase in total 
iron content, per se, does not necessarily result in an in­
crease in the phosphorus content as would have been the 
impression given by the total iron and total phosphorus 
results from the brown and gray separates of mottled horizons 
discussed above (Table 2). Usually, the ferromanganiferrous 
concretions of the poorly drained soils are lower in phos­
phorus, and those of the imperfectly and moderately well 
drained soils are higher in phosphorus content than the 
respective bulk soil samples. 
Natural drainage class seems to have an effect on the 
amount of phosphorus associated with iron, independent of pH. 
From the data given in Table 3, it appears that the poorly 
drained soils are lower in concentration of iron phosphates 
than are the imperfectly and moderately well drained soils. 
Other studies have shown that upon reduction some soils re­
lease phosphorus (5, 24, 59, 72). Presumably, ferric phos­
phates are being reduced in such soils. Therefore, in the 
Taintor and "Winterset soils of this study the lower phosphorus 
content of the concentrated samples could be a result of the 
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frequent reducing conditions which exist in these poorly 
drained soils. Differential mobilities of iron and phos­
phorus may be key factors in determining how much phosphorus 
is associated with iron. In addition, part of the phosphorus 
released upon reduction of ferric phosphates could have moved 
to lower depths in the profile and be reprecipitated as di-
calcium, octacalcium or aluminum phosphates depending on the 
pH of the underlying soil material, or the phosphorus may be 
leached from the soil. 
Layers of more or less continuous bands of iron accumula­
tion are closer to the surface in the poorly drained Taintor 
soils than in the imperfectly drained Mahaska soils. If 
layers of iron accumulation occur in the moderately well 
drained Otley soils, they are below the depths for which free 
iron determinations were made. These layers of iron accumula­
tion in the Taintor and Mahaska soils are thought to occur at 
the top of the fluctuating or perched water table which 
occurs periodically in these soils (See Figures 5, 8 and 11). 
Such a fluctuating water table has been observed to be highest 
in the Taintor soils and lowest in the Otley soils. The 
depth of these horizons of iron accumulation seems consistent 
with field observations of water tables in these soils. 
Layers of iron accumulations also occur in the poorly 
drained Winterset soils but they are more irregular than in 
either the Taintor or Mahaska soils. The irregularity in the 
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free iron profile values for the Winterset soils may be re­
lated to changing depths of the fluctuating water table 
during Recent geologic time. The variable depth of the 
fluctuating water table could have resulted from a multi-
cyclic erosion of the stream valleys in a manner similar to 
that reported by Daniels (25b). The fluctuating water table 
in the soil would become deeper as the stream system becomes 
more entrenched. There are no significant layers of iron 
accumulation to the depths studied in the imperfectly drained 
Macksburg or the moderately well drained Sharpsburg soils. 
Effect of Natural Drainage Class on Iron and Phosphorus 
As mentioned above, several studies (34, 35, 86, 87) in­
clude information which infers that basic relationships exist 
between drainage class, free iron and total phosphorus. How­
ever, it is possible that in those studies parent material, 
time and vegetation may be confounding the results attributed 
to be due to natural drainage class. Several investigators 
(32, 44, 55, 69) have studied the effect of natural drainage 
class on free iron but they did not study the effect of 
natural drainage class on phosphorus. An interpretation of 
the phosphorus data of other investigators (6, 36, 61, 62, 
63) by natural drainage class supports the results found in 
this study. However, these investigators did not attach any 
109 
importance to the effect that natural drainage class may have 
had on the phosphorus results they reported. On the other 
hand, it seems none of these investigators determined total 
phosphorus values to a depth sufficient to permit an inter­
pretation of the minima in the profile distributions of total 
phosphorus. 
In the present study, determinations of free iron show 
it to be lowest in the poorly drained soils and highest in 
the well drained soils to depths of 20 or 24 inches (Figures 
17-19). Below 20 or 24 inches in the poorly drained soils 
the free iron values increase and are higher for some horizons 
than those for the imperfectly and moderately well drained 
soils. These high free iron values at shallow depths in the 
poorly drained soils are interpreted as being horizons of iron 
accumulation. A specific attempt was made in the field to 
sample iron accumulation layers as separate entities. These 
field separations were substantiated by high free iron values 
determined in the laboratory. 
Several investigators (32, 44, 80) report that in well 
drained soils clay and free iron contents are correlated. In 
this study there was a general correlation between clay and 
free iron content for the moderately well drained soils. The 
lower correlation between free iron and clay contents for the 
moderately well drained soils in this study compared to those 
of prior investigators, probably results from local segregation 
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of iron in these soils. 
The profile distributions of total phosphorus for all 
the soils studied in this investigation had minima occurring 
between 12 and 30 inches (See Figures 20 and 21). The depth 
to the first minimum total phosphorus value was less for the 
poorly drained soils than for the imperfectly and moderately 
well drained soils. The depth to the minimum is interpreted 
as resulting from the effective rooting depth of the native 
vegetation, which in turn is probably related to the depth of 
the fluctuating water table. The pH values, particularly 
those of Taintor soils, tend to indicate that the poorly 
drained soils are weathered to a shallower depth than are the 
imperfectly and moderately well drained Mahaska and Otley 
soils. In general, the poorly drained soils have lower 
minimum total phosphorus values than the imperfectly and 
moderately well drained soils. 
The interpretation of these total phosphorus "profiles" 
is as follows : the higher values near the surface are due to 
organic phosphorus ; the decrease to minimum values in the 
lower A and upper B horizons is due to removal or recycling 
of phosphorus by plant roots and eluviation of phosphorus; 
the increase to maximum values in the lower B and upper C 
horizons is due to a lack of removal of phosphorus by plant 
roots and, especially, illuviation of phosphorus; and the 
decrease to lower values in the lower C horizons is considered 
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to be representative of the total phosphorus content of the 
loess parent material from which the soils developed. 
Loss of phosphorus by leaching or the movement of phos­
phorus to lower depths in the soil has been reported by some 
investigators (1, 3, 33, 34, 72, 76). The total phosphorus 
profiles determined in this study, particularly those which 
were determined down to the paleosols (Figures 15, 16 and 22), 
indicate that phosphorus has been lost from the upper 36 to 48 
inches. It is thought that the loss results from both an up­
ward recycling of phosphorus by plants and downward movement 
of phosphorus by percolating water. This may be interpreted 
in terms of the eluvial and illuvial concept commonly used by 
investigators in soil genesis when studying the genetic 
significance of particle size distributions of soil profiles. 
Using this concept, it is thought that the 0 to 36 or the 0 
to 48 inch zone makes up the phosphorus eluvial horizon 
(phosphorus Ag horizon), and the 36 to 66, or the 48 to 72 
inch zone makes up the phosphorus illuvial horizon (phos­
phorus horizon). The zones below 66+ or 72+ inches are 
then interpreted as the unaltered phosphorus horizons, or the 
phosphorus C horizons. Consequently, the poorly drained 
soils have shallower phosphorus sola than do the imperfectly 
and moderately well drained soils. 
The organic carbon values for surface and subsurface 
horizons are highest for the poorly drained Taintor soils of 
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the Taintor, Mahaska and Otley soil sequence and are lowest 
for the poorly drained Winterset soils of the Winterset, 
Macksburg and Sharpsburg soil sequence (See Figures 25 and 
26). The data for the Taintor profiles were expected and are 
in agreement with the results reported by Corliss (23). How­
ever, the results for the Winterset profiles were not ex­
pected, at least, not at the time of field sampling. The 
organic carbon values for the Winterset soils may be con­
founded by the tendency for these Winterset soils to be very 
weakly planosolic. Grainy gray ped coats were observed in 
the subsurface horizons of the Winterset profiles when ex­
amined with a binocular microscope. 
Organic phosphorus has been reported as making up ap­
proximately 50 percent of the total phosphorus in the surface 
horizons of the dark colored soils of Iowa (36, 61, 62). 
Pearson and Simonson (62) found that the C/OP ratio varies 
more than the C/N ratio for the soils they studied. Little, 
if any, attention has been given to the difference in organic 
phosphorus that occurs in relation to the natural drainage 
class of the soil. The results of this study, particularly 
those of the Taintor, Mahaska and Otley soil sequence, show 
clearly that natural drainage class has a definite affect on 
the amount of organic phosphorus present in the soil (Figures 
27 and 28). The poorly drained Taintor and Winterset soils 
have about two-thirds the amount of organic phosphorus as 
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found for the respective imperfectly and moderately well 
drained soil sequence members. 
Godfrey and Riecken (36) suggested that organic matter 
may build up to a maximum, remain at this maximum until a 
nutrient deficiency causes a decrease in vegetative growth, 
which is followed by a subsequent depletion of soil organic 
matter or organic carbon. However, they found that the 
organic phosphorus content remained nearly constant for soils 
they interpreted as being depleted of organic carbon and those 
stable in organic carbon. The results of the present study 
support their conclusions. The Winterset and Taintor soils 
are similar in organic phosphorus content but are quite 
different in organic carbon content. The stability of the 
organic phosphorus content may be due to the constant re­
cycling of the limited amount of available phosphorus by 
plants. 
In the Winterset soils the organic carbon "profiles" are 
thicker than are the organic carbon profiles for the Taintor 
soils. This may result from the apparently deeper water 
table in the Winterset soil areas and/or to the movement of 
organic matter to lower depths in the Winterset soils re­
sulting from very weak planosolic processes. The imperfectly 
and moderately well drained Mahaska, Otley, Macksburg, and 
Sharpsburg profiles are all quite similar in depth and dis­
tribution of organic carbon. 
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Importance of Organic Carbon/Organic Phosphorus Ratios 
Differences in absolute magnitude of soil properties are 
sometimes interpretable for isolated cases but are often too 
variable to be of use in other soil areas, however> ratios of 
two absolute magnitudes may be used to give a value independ­
ent of magnitude. An example is the C/N ratio long used in 
the study of soil formation. Such ratios often are similar 
for soils over large areas and have been useful in soil 
genesis studies. The results of the present study indicate 
that the organic carbon/organic phosphorus (OC/OP) ratio may 
be of considerable use in future soil genesis studies. 
The organic carbon values are highest for the poorly 
drained Taintor soils but are lowest for the poorly drained 
Winterset soils in their respective soil sequences (See 
Figures 29 and 30). However, OC/OP ratios are highest for 
both the Taintor and Winterset soils of their respective soil 
sequences. 
There is a striking difference in the OC/OP ratios of 
the poorly drained Taintor soils, compared to the imperfectly 
and moderately well drained Mahaska and Otley soils, with 
average ratios of 133 and 61, respectively. A similar dif­
ference, but of smaller magnitude, exists for the poorly 
drained Winterset soils compared to the imperfectly and 
moderately well drained Macksburg and Sharpsburg soils, with 
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average ratios of 94 and 70, respectively. The OC/OP ratio 
needs to be examined in other soil areas, however, from the 
results of this study it appears that OC/OP ratios may be 
useful as supplementary criteria to aid in determining the 
drainage class of a soil. They may be quite useful where 
the iron status of the soil is obscured by coatings of 
organic matter, or where the iron status is relic rather 
than the result of current drainage conditions. 
The results of the present study indicate that the 
amount of organic phosphorus mineralized in the Taintor soil 
would be approximately one-half the amount mineralized in 
the Mahaska and Otley soils given the same mineralization of 
organic carbon. It is conceivable that the micro-organism 
population might be more restricted in the poorly drained 
soils than in the imperfectly and moderately well drained 
soils because of lack of organic phosphorus in the organic 
matter which is utilized for energy material. This un­
balanced diet, if it exists, could cause a further decrease 
in mineralization of organic carbon and organic phorphorus in 
the poorly drained soils. The importance of organic phos­
phorus in supplying phosphorus for growing plants is well 
documented (31, 61, 81, 84). Therefore, a more serious phos­
phorus deficiency would be predicted on the poorly drained 
soils than on the imperfectly and moderately well drained 
soils. 
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Profile Distribution of Available Phosphorus Values 
A rational explanation of the profile distribution of 
available or soil test phosphorus values has not received 
much attention due, probably, to an insufficient amount of 
supporting information. However, when all the results of 
this study are brought into focus, the differences in avail­
able phosphorus values of the poorly, imperfectly and 
moderately well drained soils have a rational interpretation. 
The available phosphorus values are very low for the 
poorly drained soils, particularly when compared to the 
imperfectly and moderately well drained soils (See Figures 
31 and 32). The available phosphorus profile values for the 
imperfectly and moderately well drained soils are similar. 
The values are higher near surface, are minimum in the lower 
A and upper B horizons, increase to a maximum in the lower B 
and upper C horizons and then decrease once more to minimum 
values in the lower C horizon. 
The following interpretation is made of the profile dis­
tribution of available phosphorus values for the imperfectly 
and moderately well drained soils. The values are high in 
the surface horizons due to either added phosphorus as 
fertilizer or manure, or to easily mineralized organic phos­
phorus compounds which have not as yet been altered to more 
stable organic phosphorus compounds. The minimum values in 
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the lower A and upper B horizons are due primarily to the 
constant removal of soil solution phosphorus by plant roots 
and by eluviation; consequently, the easily extractable phos­
phorus is being continually removed. Some investigators have 
attributed differences in adsorption of phosphorus to be due 
to the various compounds and particles present in these 
horizons, i.e., clay (87, 88). This adsorption was thought 
to be responsible for the minimum available phosphorus 
values. However, for the soils studied in this investiga­
tion, the extractable aluminum, the free iron, and the 
percent clay values in the various B^ horizons do not sub­
stantiate the above interpretation. The maximum available 
phosphorus values in the lower B and upper C horizons are 
thought to be due primarily to a lack of removal of available 
phosphorus by plant roots. Consequently an accumulation of 
easily extractable phosphorus released by weathering of 
phosphate bearing minerals and by illuviation of phosphorus 
results. The second minimum results primarily from an in­
crease in soil pH values and a probable concurrent increase 
in apatite and secondary calcium phosphate minerals. The 
low values in this second minimum zone are as much due to the 
extracting solution used for determining the available phos­
phorus as to the low available phosphorus. The extracting 
solution is 0.03 N NH^F and 0.025 N HC1 (41). The small 
amount of acid present in the extracting solution is quickly 
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neutralized by soils having pH values much above neutral and 
results in a smaller amount of extracted phosphorus. 
The poorly drained Taintor soils, and to some extent the 
poorly drained Winterset soils, have low or very low soil 
test phosphorus values. The Taintor soils have maximum 
values in the A^ horizon. The available phosphorus value in 
the next subsurface horizon decreases to minimum values where 
they remain for the entire profile depth. The low available 
phosphorus values in the top 20 inches of the poorly drained 
soil profiles are thought to result from the same reasons 
given for the imperfectly and moderately well drained soils; 
namely, eluviation and recycling by plants. The values may 
be somewhat lower than in the imperfectly and moderately well 
drained soils because of the greater density of roots and 
increased recycling of phosphorus by the growing plants. 
Apparently the plant roots are limited to shallower depths 
in the poorly drained soils than they are in the imperfectly 
and moderately well drained soils because of the higher water 
table. Therefore, the upper horizons in the poorly drained 
soils may be more weathered than are the upper horizons of 
the imperfectly and moderately well drained soils. The lack 
of maximum available phosphorus values in the lower B and 
upper C horizons in the poorly drained Taintor profiles is 
due primarily to the higher pH values in these particular 
horizons. 
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The amount of extractable aluminum was determined for 
the Taintor, Mahaska, Otley, Winterset and Macksburg profiles 
(Table 6). In each of the drainage sequences, the poorly 
drained sequence member has the least extractable aluminum. 
Such results would be expected from the higher pH values of 
the poorly drained soils, and its effect on aluminum weather­
ing. The free iron values, previously discussed, are also 
lowest for the poorly drained sequence members in the upper 
20 inches of the profile. Therefore, the low available phos­
phorus values for the poorly drained soil sequence members 
are not due to' large amounts of extractable iron and 
aluminum. 
Some understanding of the low available phosphorus for 
the poorly drained soils may be obtained from solubility 
product principles. The data of Lindsay and Moreno (54) and 
Hsu and Jackson (43) give equal solubility for aluminum, iron 
and di- or octacalcium phosphates at near neutral pH values. 
Therefore, at neutral pH values, the phosphorus present in 
the soil solution could be supplied from any or all of these 
phosphorus sources provided they exist in the soil in the 
same quantity and have the same surface area. The primary 
source of phosphorus in the unaltered loess in Iowa is 
probably the apatite minerals. However, these apatite 
minerals are known to weather very slowly at pH values of 
7.0 and above. Certainly, before appreciable amounts of 
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secondary phosphorus compounds can form from these primary 
apatite minerals, it is necessary for the excess calcium 
carbonate to be removed and the pH lowered. According to 
theory (43, 54), after the pH is lowered to near neutrality, 
secondary phosphorus compounds of iron, aluminum and calcium 
should form, with about equal ease, provided the iron, 
aluminum and calcium cations are present in equal quantities. 
Therefore, the low amount of extractable iron and aluminum in 
the poorly drained soils and high pH values indicate that 
most of the secondary phosphate minerals in the poorly 
drained soils may be comprised of di- and octacalcium phos­
phates. These secondary phosphorus compounds are probably 
the main suppliers of phosphorus to the soil solution. 
Therefore, it is expected that the poorly drained soils would 
be low in available phosphorus. The results found in this 
investigation support these principles and assertions. These 
results are also in agreement with the extensive work of 
Jenny, Vlamis and Martin (48) on the uptake of phosphorus by 
lettuce plants on soils differing in pH. They found near 
neutral soils supplied the most phosphorus to the lettuce 
plants. 
The effect of pH on apatite weathering and phosphorus 
availability should not be minimized. The apatite phosphorus 
mineral should weather most rapidly in soils which are con­
stantly removing phosphorus from the soil solution, either 
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due to uptake of phosphorus by plant roots or by formation of 
secondary iron, aluminum and calcium phosphates. The princi­
ples expressed by the law of mass action should determine how 
rapidly the apatite minerals weather. If the soil pH per­
sists somewhere below neutral values for appreciable periods 
of time, it would be expected that the apatite minerals 
would weather due to removal of phosphorus from solution and 
precipitation as calcium, iron and aluminum secondary phos­
phates. Since the extractable iron and aluminum values were 
higher for the imperfectly and moderately well drained soils 
than the poorly drained soils, it is expected that a greater 
percentage of the apatite would be weathered in the imper­
fectly and moderately well drained soils. If such a 
mechanism occurs, most of the secondary phosphate minerals 
should be present in the finer particle size fractions. 
Therefore, a careful fractionation and the determination of 
the amount of phosphorus in the various particle sizes should 
show a larger percentage of the inorganic phosphorus in the 
coarser fractions of the poorly drained soil compared to the 
better drained soils. 
The number of exposed phosphorus sites which are avail­
able to replace the phosphorus removed from the soil solution 
should be higher for the imperfectly and moderately well 
drained soils because they contain more extractable aluminum, 
free iron, and assumed secondary phosphates than the poorly 
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drained soils. Based on differences in pH, free iron and 
extractable aluminum values, the poorly drained soils should 
be lower in calcium, aluminum and iron secondary phosphates 
than the imperfectly and moderately well drained soils. For 
these reasons the surface area of secondary phosphorus 
minerals would be much higher for the imperfectly and 
moderately well drained soils than for the poorly drained 
soils. Therefore, it is expected that less available phos­
phorus should be extracted from the poorly drained soils. 
The distribution of iron and aluminum is also an 
important consideration when surface area is considered. 
In the poorly drained soils the free iron is primarily in 
the form of concretions, in the imperfectly drained soils it 
is distributed in the form of concretions and mottles, while 
in the moderately well drained soils it exists primarily as 
uniformly distributed ferric oxides. 
Comparison of the Taintor-Mahaska-Otley and the 
Winterset-Macksburg-Sharpsburg Soil Sequences 
Although not stated as one of the original objectives in 
this investigation, an important supplementary reason for 
studying these particular soils is to determine how similar 
or dissimilar these two soil sequences are in various chemical 
properties. A comparison of three selected chemical 
123 
characteristics will be discussed in this section. These 
are pH, total phosphorus and organic carbon. 
The profile pH values for these soil sequences can be 
summarized briefly. In both of the soil sequences the pH 
values reach the highest values at shallow depths in the 
profiles of the poorly drained sequence members. In a com­
parison of all drainage classes the Winterset, Macksburg and 
Sharpsburg profiles are more deeply leached than are the 
Taintor, Mahaska and Otley soils. These comparisons are 
shown in Figure 33. 
The profile distributions of total phosphorus values 
for these two soil sequences are similar. However, a 
difference in the distribution of phosphorus, as shown 
in Figure 34, is apparent. The depth to the minimum 
total phosphorus value is about the same in all but the 
poorly drained Winterset and Taintor soils. The depth 
to the minimum total phosphorus value is shallower for 
the poorly drained than for the imperfectly and moderately 
well drained sequence members. The minimum total phosphorus 
values occur at somewhat shallower depths in the Taintor 
soils than in the Winterset soils. Also the Winterset-
Macksburg-Sharpsburg soil sequences have about 70 to 100 
ppm. more total phosphorus in the maximum zone and in the 
parent material than do the Taintor-Mahaska-Otley soil 
sequences. 
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Figure 33. pH values for the Winterset-Macksburg-Sharpsburg 
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Figure 34. Total phosphorus values for the Winterset-
Macksburg-Sharpsburg and the Taintor-
Mahaska-Otley profiles 
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The organic carbon content of the various drainage mem­
bers of each soil sequence is quite different, particularly 
the poorly drained sequence members. The organic carbon 
comparisons are shown in Figure 35. The poorly drained 
Taintor soil has 50 percent more organic carbon from 0 to 12 
inches and less organic carbon from 15 to 32 inches than does 
the Winterset soil. Apparently significant amounts of 
organic carbon have moved to lower depths in the Winterset 
soils, possibly resulting from the very weak planosolic 
characteristics and/or the slightly better drainage. The 
Macksburg and Sharpsburg soils have more organic carbon at 
all depths than do the Mahaska and Otley soils. 
The organic carbon/organic phosphorus ratios are also 
quite different for the various drainage members of the two 
soil sequences studied. The poorly drained Taintor soils 
have an average OC/OP ratio of 133 compared to an average 
ratio of 94 for the poorly drained Winterset soils. The 
average OC/OP ratio was only slightly lower for the imper­
fectly and moderately well drained Mahaska and Otley soils 
compared to the Macksburg and Sharpsburg soils, 61 and 70, 
respectively. 
Based on the above chemical comparisons it can be said 
that the Winterset, Macksburg and Sharpsburg soils have 
deeper sola than do the Taintor, Mahaska and Otley profiles. 
The poorly drained Taintor and Winterset soils are reasonably 
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clear-cut series separations based on pH, total phosphorus, 
organic carbon, OC/OP ratios, available phosphorus, and free 
iron profile distributions and values. The imperfectly and 
moderately well drained Mahaska-Otley and Macksburg-Sharpsburg 
soils are also reasonably clear-cut series based on pH, total 
phosphorus, and available phosphorus profile distributions 
and values. The various chemical determinations made in this 
investigation indicate that the Winterset-Macksburg-Sharpsburg 
soil sequence members are somewhat better drained than their 
counterparts in the Taintor-Mahaska-Otley soil sequence. 
Suggested New Series Criteria 
From the above discussion it seems evident that natural 
drainage class is an important variable in determining the 
phosphorus status of soils. The results of this study indi­
cate that the amount organic phosphorus associated with 
the organic carbon is much less for the poorly drained soils 
compared to the imperfectly and moderately well drained soils. 
The differences are best expressed by use of the dimension-
less OC/OP ratio. Considerably higher OC/OP ratios were 
found for the poorly drained soils than for the imperfectly 
and moderately well drained soils. The OC/OP ratio may be a 
useful criterion for distinguishing natural drainage classes, 
particularly where soil morphology and observations are not 
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in agreement concerning the estimated natural drainage class 
of a soil. The Dow soil in Iowa is such a soil series. 
Data obtained in the present study indicate that the 
profile distribution of available or soil test phosphorus has 
rational explanations from the more difficult chemical deter­
minations. The possibility of using soil test phosphorus 
data for supplementary series criteria needs further inves­
tigation. If subsequent studies support the interpretations 
of the profile distributions of available phosphorus made in 
this dissertation, their use in conjunction with pH values 
may be utilized to indicate the state of phosphorus in soils. 
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SUMMARY AND CONCLUSIONS 
The major objective of this study was to determine the 
effect of natural drainage class on iron, phosphorus and as­
sociated chemical properties. Four soil drainage sequences 
were studied; two each of the Taintor-Mahaska-Otley and 
Winterset-Macksburg-Sharpsburg soil sequences. In addition, 
Cut No. 39 of the C. R. I. and P. railroad relocation was 
sampled from the modern soil surface down to the Loveland 
loess paleosol. 
The imperfectly drained sequence members have mottled 
horizons at shallow soil profile depths. The poorly drained 
and moderately well drained soils have mottled horizons at 
deeper depths than for the imperfectly drained soils. Some 
of these mottled horizons were separated by micro-sampling 
into brown and gray separates. Total iron and total phos­
phorus were determined on each of these separates. The brown 
separates contained from 2.5 to 5.1 times more total iron and 
from 1.27 to 7.22 times more total phosphorus than the gray 
separates. The difference in the amount of phosphorus as­
sociated with the increase in iron content in the brown com­
pared to the gray separate is primarily a function of pH. 
The results indicate that iron and phosphorus vary simulta­
neously in mottled soil horizons. 
As a further check on the above results, and also to 
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study differences in iron and phosphorus covariability for 
all drainage sequence members, the sand-size ferromanganifer-
rous concretions were separated from the soil material by wet 
sieving. The total iron and total phosphorus results were 
quite different from those found for the mottled samples. 
All of the concentrated ferromanganiferrous concretion samples 
contain more iron than the bulk soil samples. In general, 
the concentrated samples from poorly drained Taintor soil 
contains less phosphorus, and the concentrated samples from 
the imperfectly and moderately well drained Mahaska and Otley 
soils contain more phosphorus than the bulk soil samples. 
These results indicate that an increase in iron content, per 
se, does not necessarily result in an increase in phosphorus 
content. It is thought that the reducing conditions fre­
quently present in the poorly drained Taintor soils cause a 
reduction and mobilization of any ferric phosphates which may 
form during intervening periods of oxidation. 
Iron accumulation zones or layers were noted primarily 
in the Taintor and Mahaska soils. These layers consistently 
occur at the same depth throughout the area in which the 
soils were sampled. They are thought to occur at the top of 
the fluctuating water table in these soils. No such iron ac­
cumulation zones were identifiable in the other soils to the 
depth studied. 
One of the primary difficulties encountered in a 
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sequence study is the selection of soils which differ only in 
the one soil-forming factor being evaluated. The soils of 
each sequence studied are considered to be similar in geomor-
phic age or time, kind of vegetative cover, parent material 
and climate. They are thought to differ only in the degree 
of natural drainage. 
The free iron values were lowest for the poorly drained 
soils and highest for the moderately well drained soils down 
to a depth of 20 or 24 inches. Below 24 inches the poorly 
drained soils have some free iron values higher than either 
the imperfectly drained or the moderately well drained soils. 
These higher free iron values are thought to result from the 
high fluctuating water table in the poorly drained soils. 
The total phosphorus profiles have the same general dis­
tribution pattern for all drainage classes. The high total 
phosphorus content near the soil surface is due to organic 
phosphorus accumulations; the minimum values in the lower A 
and upper B horizons are due to both eluviation and plant 
recycling from this zone; the maximum values in the lower B 
and upper C horizons are due to both illuviation and lack of 
removal by plants; and the lower values in the lower C hori­
zon are indicative of the parent material phosphorus content. 
The total phosphorus profiles studied have eluvial or phos­
phorus Ag horizons from approximately 0 to 40 inches, illuvial 
or phosphorus B0 horizons from approximately 40 to 70 inches 
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and unaltered zones or phosphorus C horizons below approxi­
mately 70 inches. The poorly drained soils have thinner 
phosphorus eluvial horizons presumably due to the shallower 
rooting depth and removal of phosphorus by plants than do the 
imperfectly and moderately well drained soils. Therefore the 
previously unexplained minima in the profile distributions of 
total phosphorus for these dark-colored Iowa soils is a 
result of soil genesis processes. 
The difference in organic carbon/organic phosphorus 
ratios between the poorly drained and the better drained 
soils is appreciable. The poorly drained Taintor soils have 
maximum organic carbon values but minimum organic phosphorus 
values for the Taintor-Mahaska-Otley soil sequence. Conse­
quently, the average organic carbon/organic phosphorus ratio 
is much higher for the Taintor soils than for the Mahaska and 
Otley soils. The average ratio is 133 for the Taintor soil 
and 61 for the Mahaska and Otley soils. Similar relation­
ships of the organic carbon/organic phosphorus ratios were 
found for the Winterset-Macksburg-Sharpsburg soil sequence. 
The average ratios are 94 for the Winterset soils and 70 for 
the Macksburg and Sharpsburg soils. In contrast to the high 
organic carbon values of the poorly drained Taintor soils in 
the Taintor-Mahaska-Otley soil sequence, the poorly drained 
Winterset soils have the lowest organic carbon values in the 
Winterset-Macksburg-Sharpsburg soil sequence. The lower 
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organic carbon values for the Winterset soils are apparently 
due to the slight planosolic nature of the Winterset soils 
sampled for this study. 
These results indicate that the poorly drained soils 
probably have more severe phosphorus deficiencies than the 
better drained soils due to a lower mineralization of organic 
phosphorus. These more severe deficiencies are supported by 
observation. 
The imperfectly and moderately well drained soils all 
have similar profile distributions of available phosphorus. 
High available phosphorus values occur in the surface 
horizons, minimum values occur in the lower A and upper B 
horizons, maximum values occur in the lower B and upper C 
horizons and minimum values occur again in the lower C hori­
zons. These profile distributions of available phosphorus 
values are interpreted in the following way. The relatively 
high values in the surface are due to additions of phosphorus 
fertilizers, manure, and/or easily mineralized organic phos­
phorus compounds. The minima in the lower A and upper B 
horizons are thought to be due to eluviation and extensive 
recycling of phosphorus by plant roots during soil formation. 
The maximum available phosphorus values in the lower B and 
upper C horizons result from illuviation and the lack of 
removal of weathered phosphorus compounds. The second 
minimum in the available phosphorus values in the lower C 
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horizons is partially due to increases in pH values which 
neutralize the available phosphorus extracting solution. 
Also, the higher pH values should result in the formation of 
fewer secondary phosphorus minerals. 
The available phosphorus values for the poorly drained 
soil sequence members are markedly lower than are the values 
for the imperfectly and moderately well drained soil se­
quence members. The results of this study indicate that 
these differences in available phosphorus values between 
poorly drained and better drained soils have a rational 
explanation. The poorly drained soils are thought to have 
lower available phosphorus values in the surface and sub­
surface horizons due to larger removals of phosphorus during 
soil formation because of the more restricted plant rooting 
zone. They fail to have the high maximum values in the lower 
B and upper C horizons due to higher pH values and less 
weathering of primary phosphorus minerals. 
The importance of the formation of secondary phosphorus 
minerals and their relation to available phosphorus values 
needs more study. Surface area and the size fraction in 
which secondary and primary phosphorus minerals occur should 
be investigated. The results of this study indicate that 
there are fewer secondary phosphate compounds of iron, 
aluminum and probably calcium in the poorly drained soils 
than in the better drained soils. Therefore, it would be 
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expected that more of the total phosphorus would be present 
in the coarser fractions as primary phosphate minerals in 
the poorly drained soils compared to the better drained 
soils. 
Several chemical properties are compared for the poorly$ 
imperfectly and moderately well drained soils of the two dif­
ferent soil sequences studied. In general, these comparisons 
indicate that the Winterset-Macksburg-Sharpsburg soils have 
thicker sola than do the Taintor-Mahaska-Otley soils. These 
results also indicate that all the soil series studied are 
valid series separations. 
To test the general applicability of these results, 
similar studies should be made in other soil areas where 
natural drainage class differences exist. The much higher 
OC/OP ratios of the poorly drained soils compared to the 
better drained soils may prove to be a valuable supplementary 
series criterion in separating soils of different natural 
drainage classes. The available phosphorus profile values 
should prove to be useful in soil genesis studies and may be 
useful as series criteria. 
Further investigation of the distribution of phosphorus 
by particle size fractions should be made on the soils used 
in this study. The relation of OC/OP ratios and phosphorus 
fertility should also be investigated. If further study 
supports the results and hypotheses made in this 
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dissertation, it would seem that profile distributions of 
available or soil test phosphorus, in conjunction with pH 
values, may be useful in understanding soil phosphorus 
relationships. 
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APPENDIX 
The specific locations of the profiles samples for this 
study are given below: 
P-711, Mahaska silty clay loam, located 965 feet S and 
278 feet E of the MV corner of the NE 1/4, section 
34, T77N, RlOW, Keokuk county, Iowa. 
P-712, Otley silty clay loam, located 154 feet E and 
481 feet S of the NW corner of the SW 1/4, NE 1/4, 
section 34, T77N, RlOW, Keokuk county, Iowa. 
P-713, Otley silty clay loam, located 757 feet E and 
226 feet S of the NW corner of NE 1/4, NW 1/4, 
section 27, T76N, R8W, Washington county, Iowa. 
P-714, Taintor silty clay loam, located 385 feet N and 
51 feet E of the SW corner of the SE 1/4, SW 1/4, 
section 27, T77N, RlOW, Keokuk county, Iowa. 
P-715, Mahaska silty clay loam, located 445 feet N and 
68 feet W of the SE corner of SW 1/4, SW 1/4, 
section 22, T76N, R8W, Washington county, Iowa. 
P-716, Taintor silty clay loam, located 511 feet N and 
743 feet W of the SE corner of the SW 1/4, SW 1/4 
section 22, T76N, R8W, Washington county, Iowa. 
P-717, Macksburg silty clay loam, located 783 feet W and 
390 feet N of the SE corner of section 31, T75N, 
R28W, Madison county, Iowa. 
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p-718, Winterset silty clay loam, located 450 feet N of 
road center and 25 feet W of the SE corner of the 
SW 1/4, NE 1/4, section 4, T75N, R28W, Madison 
county, Iowa. 
P-719, Winterset silty clay loam, located 483 feet W and 
336 feet S of the NE corner of section 6, T75N, 
R28W, Madison county, Iowa. 
P-720, Macksburg silty clay loam, located 663 feet S and 
678 feet E of the NW corner of the NE 1/4, section 
22, T74N, R31W, Adair county, Iowa. 
No P number given, Sharpsburg silty clay loam, located 
276 feet S of the EW fence and 450 feet E of the NS 
fence along permanent pasture which is 0.3 mile W 
of the NE corner of the SE 1/4, SE 1/4, section 31, 
T75N, R28W, Madison county, Iowa. 
No P number given, Sharpsburg silty clay loam, located 
1402 feet W and 784 feet S of the NE corner of 
section 22, T74N, R31W, Adair county, Iowa. 
In addition, Cut No. 39 of the Rock Island railroad 
relocation (25a, 65) was sampled from the modern soil surface 
to the Loveland loess paleosol. The location and sample in­
formation is given as follows: 
130 feet E and 40 feet S of the corner post, 
located on the west side of the uppermost ridge 
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crest; the corner post marking W side of the SE 1/4 
and N side of RR right-of-way, section 13, T76N, 
R41W, Pottawattamie county, Iowa or approximately 
1650 feet E of the W edge of Cut No. 39. 
This cut was sampled every 6 inches unless otherwise noted. 
The following sample information is given for Cut No. 39: 
Sample Depth 
number (in. ) Special features 
1 0-6 A horizon of Marshall 
2 6-12 A horizon of Marshall 
3 12-18 B horizon of Marshall 
4 18-24 B horizon of Marshall 
5 24-30 B horizon of Marshall 
6 30-36 Gray mottles start here and continue 
sample 19 
7 36-42 One thin gray 1/4 inch stria 
8 42-48 Mn02 stains start 
9 48-54 Maximum MnOg stains 
10 54-60 Five thin gray 1/4 inch striae 
11 60-66 
12 66-72 
Three thin gray 1/4 inch striae 13 72-78 
14 78-84 
15 84-90 Two 3/8 inch gray striae 
16 90-96 
16' 96-102 
17 102-108 
18 108-115 Last Mn02 stains 
19 115-121 Gray mottles end 
20 121-127 Pipestems start, few CaC03 concretions 
21 127-133 Matrix does not effervesce 
22 133-139 
23 139-145 
24 145-151 
25 151-157 
26 157-163 
27 163-169 
28 169-175 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
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Depth 
(in.) Special features 
175-181 Some large vertical cleavage planes 
noticeable 
181-187 
187-193 Browner than above horizon 
193-199 
199-205 Browner than above horizon 
205-211 
211-214 Three inch sample above iron band, 
pipestems end 
214-216 Two inch iron band, still has some gray 
in sample 
216-218 Two inch gray band sample 
218-225 Seven inch 10 YR 5/4 band (dry Munsell 
color), few gray mottles 
225-231 Mottled zone about 1 Y 5/3 overall 
231-237 
237-243 
243-247 Four inch sample of 7.5 to 10 YR 5/4 
247-253 Gray mottled zone 
253-259 
259-263 Four inch sample, last of gray mottled 
zone 
263-269 Sample color 10 YR 5/4 
269-273 Four inch sample of 10 YR 5/4 
273-278 Five inch gray mottled sample 
278-285 Seven inch 10 YR 5/5 sample, not a con­
tinuous phenomenon 
285-291 Sample color 10 YR 5/4 
291-297 Sample color 10 YR 5/3 
297-303 
303-309 
309-314 Five inch sample, last of 10 YR 5/3 
314-320 First of the bottom deoxidized zone 
320-326 
326-332 
332-338 
338-344 
344-350 
350-356 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
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Depth 
(in.) Special features 
356-362 Farmdale starts at 356 inches 
362-368 
368-374 
374-380 
380-386 Very prominent 2.5 to 5 YR red mottling 
starts, Loveland paleosol 
386-392 
392-398 
398-404 
404-410 Clay pickup and less gray in this sample 
410-416 Blocky and subangular blocky structure, 
definitely Loveland paleosol, strong 
416-422 
422-428 This is the last sample, however, the 
Loveland paleosol continues on down to 
bottom of cut, an additional 15 feet 
